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ABSTRACT 
The objective of this thesis was to develop a 
generalized minicomputer based data acquisition system 
for machine shop and process step monitoring.  This 
required the designing, programming, and implementing 
of a minicomputer based data acquisition system for 
retrofitting to existing machine tools. 
System software, and the necessary data acquisi- 
tion hardware, were designed to provide, on a continuing 
basis, the information necessary for shop personnel and 
supervisors to carry out their jobs, and to provide 
management with an additional tool for decision making. 
Data entered by shop personnel combined with 
data acquired from a machine tool were shown to provide 
information that can enable the user to build up a 
profile of the shop's activity and to acquire feed and 
speed data.  The software created for this thesis was 
designed to monitor a machine tool, but is readily 
adaptable to other types of processes.  Flexibility 
was achieved through a software system consisting of 
an operating system and process monitoring programs. 
The software system is interactive and provides 
maximum operator control and ease of use. 
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CHAPTER   1 
BACKGROUND 
The computer is a tool that is contributing to 
advances in virtually all fields.  In turn, the com- 
puter hardware benefits from new discoveries in the 
fields of electronics and physics.  Computer hardware 
consists of the physical equipment that makes up a 
computer; for example, magnetic, mechanical, electrical, 
or electronic devices.  Hardware is contrasted with 
computer software, which consists of a set of programs 
and procedures concerned with the operation of a data 
processing system; for example, compilers, library 
routines, assemblers, utilities, and loaders.  Hard- 
ware technological development has been rapid. 
Reduced size, increased speed, lower cost, larger 
memory capacity, and greater reliability have made 
the minicomputer possible. 
The first large-scale electronic computer was 
the ENIAC (Electronic Numerical Integrator and Calcu- 
lator).  It contained 18,000 vacuum tubes and weighed 
about 30 tons. 2 With the invention of the transistor 
by Bell Telephone Laboratories, second generation 
computers using transistors were built.  Transistors 
reduced the size, power requirements, and increased 
the reliability of computers.  Integrated circuits 
brought on the creation of third generation computers. 
Most computers on the market after 1965 are called 
third generation^because they use integrated circuits 
extensively.  In the early 1970's, some manufacturers 
such as International Business Machines Corporation 
(IBM) introduced large-scale integration (LSI) con- 
cepts to achieve further circuit packing densities. 
Large-scale integration refers to circuits which pack 
over 50,000 components in about a square-inch space. 
International Business Machines Corporation considers 
its 370 line a fourth generation, but that is not 
everyone's opinion.  Whatever the generation, inte- 
grated circuits have made it possible to produce, in 
an extremely small package, a device with the com- 
puting power of the earlier large machines.  Thus, 
the minicomputer as a viable machine was born. 
Integrated circuits, with their short distances 
between components, have increased speed and reduced 
the cost of manufacturing to pennies per component. 
With low component costs, a computer's memory could 
be greatly increased and still be reasonably priced. 
Reliability of hardware has also increased dramati- 
cally with integrated circuits. 
It is generally agreed that a minicomputer has 
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the following characteristics: 
1. It includes a central processor with 
general-purpose registers, magnetic 
or solid state memory, and a set of 
instructions. 
2. It will accept and store internally 
a program that can be altered at the 
option of the user. 
3. It incorporates a minimum of 4,096 
words of memory, in which programs 
and data can be stored and altered 
under control of the operator's program. 
Word length varies from eight to 24 
bits, depending on application. 
4. It is equipped with the means for 
input/output to enable the operator to 
input commands to the system and receive 
results and instructions from it. 
5. It is small in size, approaching port- 
ability.  The modern minicomputer takes 
advantage of the highest levels of 
integrated circuitry, medium scale inte- 
gration (MSI) and large scale integration 
(LSI).  An entire central-process 1ng unit 
or 4,096 16-bit words of memory with less 
than a 300-nanosecond cycle time can fit 
on one small printed circuit board.  An 
entire minicomputer can fit in about five 
inches of rack-mountable chassis and have 
room for 32,000 words of memory, and inter- 
face circuitry for at least a half dozen 
peripherals. 
Minicomputer central processing units 
with miniperipherals are usually mounted 
in standard 19-inch rack cabinets approxi- 
mately two feet square and from two to six 
feet high, depending on the number of 
components.  The console normally requires 
a separate stand.  Very large systems may 
require several rack cabinets. 
6.  The purchase price, including the basic 
processor and input/output capability, 
should be no more than $25,000 and may be 
less than $5,000. 
As soon as minicomputers were economically 
feasible, their use expanded at a rate nothing short 
of phenomenal.  Mini manufacturers have seen a 50* a 
year growth rate from the $150 million of 1969.12 1977 
should show worldwide minicomputer systems sales and 
service of over $2 billion.  Coupled with this growing 
market are lower prices.  The average price for a 
minicomputer "bare bones" system was $15,000 1n 1970.11 
Today, the cost of a similar system is about $5,000 
or less.   The drop, due largely to reductions in 
memory and integrated circuit prices, has made the 
minicomputer an economic solution to a vast number of 
process control and data acquisition problems.  The 
systems designer of today must consider the mini- 
computer as a viable and economical systems component. 
Software is often slighted in the purchase of 
minicomputers.  Software is the general name given to 
all the programs and routines associated with the use 
of computer hardware.  Unfortunately, when compared 
with the hardware advances, the developments in the 
software area seem less impressive.  Furthermore, as 
anticipated hardware improvements are realized, an 
overwhelming proportion of the problems experienced 
in utilizing the minicomputer will be traceable to 
software difficulties.  In fact, today it is often the 
case that good supporting software takes longer and 
costs more to produce than the hardware.  The pace of 
an overall minicomputer project is often determined 
by how fast the software can be completed. 
For the general data acquisition minicomputer 
system, software falls into three categories: 
(1) operating system programs, (2) support programs, 
and (3) application programs.  Operating system programs 
are expensive to write and should be purchased when 
possible.  The objective of an operating system is to 
operate the computer system 1n the most efficient and 
economical way during the execution of application and 
translation programs.  A proven operating system that 
has many users and is supported by the hardware manu- 
facture will save development time and money, and will 
require less sophistication in application programs. 
Operating systems, or "control programs", monitor all 
computer activities.  Their most important functions 
in a data acquisition system are:  (1) interrupt 
control between peripherals, (2) monitoring the user 
application programs, and (3) error control. 
Assemblers, compilers, loaders, text editors, 
and subroutine libraries are considered support 
programs.  Support programs are very critical to the 
user.  Compilers provide the ability to program in 
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high level languages, assemblers provide the ability 
to program in assembly language and may provide the 
ability to use macros for many input/output functions, 
loaders enable programs to be relocatable or absolute 
at the programmer's discretion, text editors provide 
easy user programming by permitting on-line interactive 
capabilities, and subroutine libraries give the user 
power and save time.  Application programs are devel- 
oped by the user to perform the required task.  The 
more powerful the operating system and the support 
programs, the less time it will take to develop these 
programs. 
Modern minicomputers are available as families 
of fully compatible machines.  The customer can run 
the same programs on any of the machines in the family 
and use the same peripherals with the same interfaces. 
Some of these families of machines are even mechanically 
interchangeable.  The modern minicomputer is supplied 
with a full line of peripherals such as teletype key- 
boards, high speed paper tape readers/punches, mag- 
netic tapes, disks, card readers, line printers, 
incremental plotters, analog-to-digital converters, 
communications controllers, and almost any user device 
that is necessary. 
Over the last twenty years, industry has seen 
the evolution of manufacturing processes from personnel 
controlled machines, to numerical controlled machines, 
and to direct numerical controlled and computer numer- 
ical controlled machines.  Numerical control (NC)*" Is 
defined as the system of control of productive equip- 
ment by instructions prerecorded in symbolic form. 
It is a technique for controlling many types of pro- 
ductive equipment in addition to the metal-working 
machine tools on which this system made its first 
appearance.  In basic concept, it is a machine that 
reads a paper tape that has been prepunched with an 
instruction code and performs work according to the 
instructions read.  The paper tape must be read every 
time a part is manufactured.  Direct numerical control 
(DNC)  is a manufacturing system in which a number of 
machines are controlled by a computer (or computers) 
through a direct connection and in real time.  Direct 
numerical control couples the production machines to 
a computer system.  There are two main types of direct 
numerical control designs: (1) Direct numerical control 
behind the tape reader.  The operator signals the 
central computer control what program he wants; he 
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then starts and stops the machine.  (2)  Direct 
numerical control with machine control unit.  The 
operator signals central computer control what 
program he wants.  The machine status is known to 
the computer.  Direct numerical control can eliminate 
the need for paper tape.  Programs are produced at 
a central location and loaded into the machine tool 
over direct wire.  Programs can be stored on disk or 1n 
memory if necessary.  The programmer also has the avail- 
ability of interactive programming.  Computer numerical 
control (CNC)   is, in some ways, the direct antithesis 
of direct numerical control.  Where direct numerical 
control couples the production machines to a computer 
system, computer numerical control moves a computer 
into the production machine controller.  Computer 
numerical control is defined as: a numerical control 
system wherein a dedicated, stored program computer 
is used to perform some or all of the basic numerical 
control functions.  Computer numerical control allows 
the programmer to interact with the machine and make 
program changes on-line in real-time.  This provides 
for optimized programs that are adapted to individual 
machi nes. 
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Machining hardware has always been and most 
likely will continue to be a ^ery   high technology 
product.  In addition to the many innovations within 
its own industry, the electronics industry also has 
great influence on the hardware design.  The elec- 
tronics industry has made possible numerical control, 
direct numerical control, and computer numerical 
control.  With the advent of the minicomputer, the 
point where the computer is taking the place of hard- 
ware has been reached.  The computer in its many 
forms will become the backbone of future numerical 
control systems.  Computer numerical control most 
likely will become a standard product of ever in- 
creasing application potential in terms of lower cost 
as well as expanding future requirements.  The tech- 
nology of numerical control and direct numerical 
control is a relatively new method of organizing the 
information required for a process and a new method 
of inserting this information into the process.  Even 
computer numerical control in many cases does not 
provide machining information for management use. 
Therefore, most machine shops have a need for a cost 
effective system that will provide management informa- 
tion to aid in all areas of decision making. 
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The cost of manufacturing starts with estimating, 
goes through planning or scheduling, includes raw mater- 
ial and a wide variety of processing stages, and ends 
with final assembling and shipping.  The machining costs 
may represent a significant part of the overall cost. 
However, in most shops very little information is ac- 
quired about the activities of the machine operators or 
about the variables of the machining operation itself. 
Many problems on the machine shop floor are caused by 
management not having adequate information about the 
effect of changes upon the efficient use of their 
machine tools.  This is very critical on the shop 
floor, where job priorities may be changed from day 
to day. 
A minicomputer can both monitor a machining 
tool and also acquire information about the operator 
and production in general.  The important concepts 
are the flow of information and the capability of the 
mechanized system to integrate all the reporting 
functions into a single system.  Most shops do not 
know the amount of non-production time or what reasons 
caused the non-production.  Even the exact machine 
time required to produce a part is, in many cases, an 
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estimate based on not very accurate data.  A shop 
based mln1-computer system can help solve this 
problem. 
Today, management is concerned with the proc- 
essing of information.  Information is sought, 
recorded, compiled, and processed, and finally 
decisions are made and action is taken.  Management 
at all levels have the same needs for information. 
Top management needs production capacity and cost 
figures, middle management needs planning data, and 
the shop foreman needs information to aid him in 
producing the best parts and the least scrap.  A 
major weakness of standard machine tools and numerical 
control methods is that they currently do not gen- 
erate or collect the data required to aid in the 
production of parts. 
Operator information categories that can be 
collected regarding the activities of a man in the 
plant will now be considered. While a machine is 
always in the plant and available for some kind of 
activity, a man is a more variable factor. He may 
not be available to operate the machine; he may be 
performing a non-production task such as replacing a 
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broken tool, doing maintenance, or waiting for work, 
Hopefully, the major part of his time is spent 
producing product. 
Some of the categories of operator activity 
to be considered are as follows: 
1. No work available 
2. Tools broken, missing, or dull 
3. Waiting for the manufacturing engineer 
to complete his work 
4. Waiting for the inspector 
5. Waiting for the superintendent or 
foreman 
6. Machine breakdown 
7. Machine under repair 
8. Personal break 
Major concerns in this data acquisition area 
that will be considered are: 
1. How much data must be collected to get 
the required results? 
2. How should incomplete data be handled? 
3. How should operator errors in the 
data be corrected? 
Monitoring the machining process will now 
be considered.  There is a continuing search for 
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feasible techniques for diagnostic sensing of machining 
operations.  The ultimate objective is whatever combina- 
tion of several techniques that may be necessary to 
generate the warning signals needed to avoid producing 
rejectable components.  A minicomputer provides a 
reliable high-speed economical method to acquire various 
data from a numerical control or other machine tool 
because of its ability to take readings rapidly and to 
print out results automatically.  Also, new test para- 
meters and analytical procedures can be manually input 
directly.  Thus, a minicomputer can aid engineering 
in solving technical problems. 
Some of the required data for the machining 
process, such as cutting feeds and speeds, are 
currently available only by estimate, which can be 
too high or too low.  Yet the required data for 
cutting feeds and speeds lie latent in the work 
piece material, not in estimating tables.  Fitting 
the cutting tool with suitable instrumentation 
continuously to feed back speed and feed information 
is the principle of adaptive control.  Adaptive 
control picks up data in process from its source, 
the cutting tool.  This data is then used to aid the 
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machinist in making better product.  Engineers also 
can use this data to establish better engineering 
control. 
In addition to the above items, the operator 
must input some or all of the following items so 
that the feed and speed data can be associated with 
the proper piece part: 
1. Piece part code number or other 
identi fication 
2. Machine settings used 
3. Type of material 
In summary, the need exists for the small 
manufacturer to conveniently acquire data from 
individual process steps.  A minicomputer based data 
acquisition system provides a method for timely, 
accurate, and reliable measurement of data at its 
source for control and evaluation.  The basic purpose 
of a data acquisition system is to measure and record 
the operating characteristics of a particular item 
of equipment and/or process, and to check these 
operating characteristics in accordance with pre- 
determined standards.  The digital computer provides 
the means for evaluation of the acquired data and 
control of the acquisition process. 
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CHAPTER 2 
DATA ACQUISITION CONCEPTS 
2.1 Introduction 
2.2 Data Gathering Units 
2.3 The Processing Unit 
and Secondary Storage Devices 
2.4 Data Output Equipment 
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2 . 1  Introduction 
Just as it has changed so many other things in 
the world, the minicomputer has fundamentally altered 
the data acquisition business.  With its wide variety 
of available peripherals, the minicomputer can analyze 
data, perform computations, control testing, and 
provide data acquisition capabilities such as data 
summarization and accurate error detection. 
Minicomputer controlled systems are character- 
ized by their ability to be connected to a number of 
process-connected inputs.  These may include analog 
transducer  (sensor) inputs of different types, 
digital inputs, contact closures, and other digital 
data sources such as manual entry devices.  System 
output may be special data outputs (both analog and 
digital) for control of displays, magnetic tape, 
punched cards, paper tape, and printers.  Functions 
performed by the computer include monitoring and 
controlling the sequence of various operating phases, 
evaluating input data against pre-established limits 
to detect out-of-control points, calculating the 
derived parameters which measure the degree of success 
or failure of the operation, and formatting output 
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display information to inform operators of the test 
status.  Attachment of a digital minicomputer to a 
data acquisition system requires consideration of 
the following design criteria: 
a. System accuracy and resolution. 
b. System reliability. 
c. Scanning and digitizing of analog inputs. 
d. Individual and aggregate input/output 
data rates. 
e. Data editing and limit-checking in 
real-time. 
f. Provision for recording all and/or 
selected data. 
g. Memory capacity. 
h.  Central processing unit design. 
i.  A real-time clock and interval timers 
with interrupt capabilities. 
For analysis, the hardware components of a 
minicomputer system can be divided into three major 
subsystems:  data gathering units, the processing 
unit and secondary storage devices, and the output 
uni ts. 
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2 . 2  Data Gathering Units 
Analog transducers are required when a data 
acquisition system is used to measure physical 
quantities such as temperature, pressure, force, 
flow, acceleration, velocity, and sound.  The elements 
used to make these measurements are called sensors 
or transducers, and their function is to convert 
mechanical or thermal energy to an electrical signal. 
Common types of analog transducers in use in data 
acquisition systems are strain gages, thermocouples, 
potentiometers, resistance thermometers and thermis- 
tors, and flowmeters.  Less common types which may 
be encountered include photoelectric transducers, 
capacitive liquid-level gages, inductance displacement 
gages, hot-wire gas probes, piezoelectric gages, and 
ionization vacuum gages.  Transducers may be classified 
as having high-level or low-level output, depending on 
whether the output is measured in volts or millivolts. 
Refer to Chapter 6 for an explanation of these devices. 
Acceptance of the signals from the analog 
transducers is usually accomplished by what is called 
a "front end".  The term "front end" is commonly used 
to describe the component functions of a data acquisi- 
tion system that performs any or all of the following: 
21 
a. Termination and calibration 
b. Signal conditioning 
c. Analog multiplexors (high and low level) 
d. Sample-and-hold amplifiers 
e. Analog-to-digital converters 
Refer to Chapter 6 for an explanation of how 
these functions are accomplished. 
System accuracy is an important consideration. 
The overall analog system accuracy is defined as the 
difference between the digital output representation 
of an analog voltage and the actual value of the input 
voltage to the signal-conditioning equipment, expressed 
as a ratio of the input voltage.  Accuracy is a func- 
tion of the errors contributed by the signal-conditioning 
amplifiers, the multiplexor and the analog-to-digital 
converter.  Temperature variation and electro-magnetic 
environment are other factors which may influence 
accuracy. 
Three types of errors are encountered: random 
errors, linearity errors, and stability errors.  Random 
errors are those which are due primarily to random 
noise in the equipment.  Linearity errors are the 
deviations from a straight line (linear variation) in 
22 
the output of a unit when the input is varied linearly 
Stability errors are   the drifts of a unit from a 
fixed output when the input is held fixed for a given 
length of time.  Because these errors combine in 
various ways, the overall accuracy of the system is 
not a constant, but is a function of the input signal 
amplitude and of the length of time since the last 
system calibration.  A complete specification of 
system accuracy, therefore, requires a specification 
of the random inaccuracies, the system linearity, 
and the system stability. 
Digital transducers are used when a data 
acquisition system is required to measure frequency 
and period.  The frequency of a recurring signal can 
be measured by counting axis crossings of the signal 
over a fixed interval of time.  Similarly, the period 
of an alternating signal can be measured by counting 
pulses from a stable clock pulse generator between 
axis crossings of the signal.  These techniques can 
also be used to count the number of discrete events 
occurring in a given time interval and to measure 
the time between two events.  A frequency counter is 
often used to give a digital readout of flow rate 
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from a flowmeter.  The period-measuring technique 
is often used simultaneously to give the time elapsed 
since the last axis crossing of the flowmeter signal. 
This is accomplished by having each axis crossing of 
the flowmeter signal reset the period counter to zero. 
The use of both frequency and period measurement 
techniques can give a very accurate measurement of 
flow rate.  In these applications, the count is 
accumulated in a register which may be read and reset 
at the proper time. 
In almost all data acquisition systems, there 
is a requirement to monitor or record the status of 
devices such as switches or valves, by a binary 
representation to indicate on or off, open or closed. 
Each device is usually provided with a set of contacts 
which put a constant voltage on a line to the data 
acquisition system when the device is actuated.  The 
presence or absence of voltage on the line is read 
as a one or zero (bit or no-bit) by the system.  The 
lines are arranged in groups having the same number 
of bit positions as the system input word, and all 
lines in each group are read simultaneously for input 
to the central processing unit as a standard data 
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word.  Additional circuits may be added to some of 
the lines to change slightly the way in which they 
operate.  For example, certain of the lines may be 
connected to latching switches which will close when 
even a momentary voltage pulse is received on the 
line and they hold that state until reset.  Other 
lines may be connected to switches which will not 
change their state until the voltage changes on the 
line have been sustained for a given length of time. 
This type of operation is useful for suppressing the 
effects of contact bounce and relay chatter. 
Another very useful procedure of contact sense 
usage employs special logic to generate a computer 
interrupt when one or more of the input lines change 
state.  The computer may then read in and record the 
status of all lines and correlate the status change 
with elapsed time.  This mode of operation may provide 
a closer time correlation of line events and eliminate 
the need for repetitive sampling and recording of all 
lines regardless of any actual status change.  An 
accumulated time clock is used to provide a continuous 
measurement of elapsed time.  The clock is either set 
to zero or current time at the beginning of the pro- 
cedure, and time data from the clock is sampled with 
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every  complete scan of the analog and digital data. 
Timing signals from the clock may also be used to 
control the data-sampling rates of the data acquisition 
system.  Interval timers associated with the clock may 
be used to initiate periodic central processing unit 
interrupts to time such actions as the updating of 
displays and sequencing of test conditions.  The 
accumulated time clock comprises a highly stable 
oscillator and a counter.  The time resolution required 
is normally about one millisecond, so the oscillator 
must have a frequency of at least one kilohertz.  The 
counter should be able to accumulate a time count at 
least as long as the expected duration of each data 
acquisition cycle.  The accumulated time may be stored 
in external counter registers and read into the computer 
storage on demand, or the accumulated time may be 
retained in specific locations in the computer storage 
and updated by the clock oscillator. 
There is almost always a requirement in data 
acquisition systems for the entry of fixed data.  This 
data may include such identification information as 
the date and time of day, configuration identification 
data, the number of items online, and the number of 
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the facility on which the procedure is being run. 
The fixed data may also include measurements such 
as the barometric pressure, humidity and ambient 
temperature. 
Data is normally entered manually by positioning 
decade switches or thumb wheels.  A computer entry 
switch may be provided to transfer the data to core 
storage.  Alternatively, the data can be entered on 
an input typewriter.  The data may then be recorded 
only once as initial information or repeatedly entered 
at the heading of each tape record or data scan. 
Selection and sequencing of input data channels may 
be performed in computer-controlled data acquisition 
systems by channel addressing.  Similarly, the output 
of data to display units and other output devices is 
also often performed by channel addressing which selects 
the particular output device required.  Channel addres- 
ing may be done by sending out system address words on 
a single set of address lines to all addressable chan- 
nels or devices.  The address words must contain 
sufficient bits to be able to address all channels and 
devices uniquely.  Address words are generally stored 
in a table or tables in the central processing unit 
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storage for output sequentially as needed.  Address 
decoders are provided at all separately located 
devices to recognize pertinent addresses and select 
corresponding channels. 
An important part of the design of a data 
acquisition system is the selection of address word 
formats.  Separate devices having groups of data 
channels (such as analog multiplexors and digital 
data channels) may have their addresses contained in 
different parts of the output address word.  These 
devices may then contain smaller decoders which 
examine only those bit positions of the output address 
word that contain their addresses.  Where excess 
address word bits are available and only a few single- 
channel devices are to be addressed, flag bits may 
be used to select the device.  Very simple decoders 
may then be used to detect only the presence of a bit 
in the position corresponding to the device selected. 
The technique of random addressing of channels and 
devices under computer control allows great flexi- 
bility in the operation of a data acquisition system. 
Channel sequencing and channel sampling frequency are 
under stored-program control, and data formats, 
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channels and sampling frequencies may be dynamically 
changed by updating or changing the stored address 
list.  For example, initial parameters may be sampled 
more frequently during transient phases of a data 
acquisition program or in response to detection of 
out-of-limit conditions. 
2.3 The Processing Unit and Secondary Storage Devices 
Certain characteristics distinguish the digital 
computer requirements of an online data acquisition 
system from those of other computer applications.  Of 
these, real-time processing capability is one of the 
most important.  The system must be able to accept, 
and make decisions on, data as the data is being 
generated in the real world.  System design, therefore, 
must take into consideration the interval between 
events, the maximum system response time (the elapsed 
time between the occurrence of an event and the system 
decision or action requirement based on that event), 
and the system data rates.  Some important computer 
characteristics required in online data acquisition 
systems are reviewed in the following sections. 
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2.3.1  Overlapped Input/Output and Processing 
The central processing unit (CPU) must be 
capable of increased operating efficiency by over- 
lapping input/output channel functions with processing. 
Real-time systems must provide overlapping of these 
functions so that the online devices may be serviced 
concurrently with the routine computation tasks 
required for the input data received from the devices 
themselves (that is, conversion of input data to 
engineering units or high-low limit check of the data 
for detection of out-of-tolerance conditions).  A 
consideration in determining the amount of overlapping 
that may be implemented in a real-time data acquisition 
system is the interference characteristic of the 
input/output channels.  Since both the central pro- 
cessing unit and the channels require storage cycles 
for references from main core storage and since only 
one access from storage can be made in every cycle, 
the central processing unit and the channels must 
time-share the main storage.  It is this contention 
for storage cycles that is termed interference.  If 
either the channels or the central processing unit 
were to receive every storage cycle, the other would 
be in a "lockout" condition. 
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2.3.2 Input/Output Interrupt 
The computer must have the ability to interrupt 
or trap the main program and service an interrupt upon 
demand (for example, a contact sense interrupt indi- 
cating an alarm condition).  The interrupt system must 
store the present central processing unit status, 
identify the type of interrupt, select and transfer 
control to the interrupt processing subroutine, and 
then subsequently restore the central processing unit 
to its original status. 
2.3.3 Indexing 
Indexing enables the address portion of an 
instruction to be modified by adding or subtracting 
variable quantities contained in one or more special 
registers known as index registers.  Indexing greatly 
simplifies programming of iterative calculations and 
reduces the number of instructions required, thus 
making available more core storage for data and further 
improving the program operating efficiency. 
2.3.4  Indirect Addressing 
Indirect addressing is another technique used 
for improving program operating efficiency by address 
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modification.  A program instruction need only refer 
to a storage location containing another (indirect) 
address, which in turn directs the program to the 
needed data, system component or control function. 
For an example of the use of indirect addressing, 
assume that a number of program instructions must 
refer to a value which changes with each program 
iteration.  Without indirect addressing, a number of 
modification instructions are required.  With indirect 
addressing, however, the instructions can be indirectly 
addressed to one core storage location containing the 
value used by the program. 
2.3.5 Asynchronous Input/Output Channels 
In many data acquisition systems there is a 
requirement for transfer of information both into and 
out of the central processing unit simultaneously to 
prevent the loss of data.  An example of this is where 
the central processing unit may be generating "front 
end" analog channel addresses at the same time that 
analog data in digitized form is coming back to the 
central processing unit from the previously addressed 
analog channel.  Also concurrent with this operation, 
there may be display, plotter, contact operate and/or 
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contact sense operations.  Asynchronous input/output 
channel capabilities permit the central processing 
unit to control these operations in a real-time 
envi ronment. 
2.3.6.  Internal Speed 
The storage cycle time, internal data transfer 
rate and the arithmetic speed of the central processing 
unit should be considered when system computation and 
high-speed data acquisition are overlapped.  For 
example, to acquire an analog sample, each analog 
channel must be addressed, the sample converted and 
transferred to the central processing unit, limit- 
checked, and logged on magnetic tape or paper tape. 
The central processing unit time consumed in per- 
forming these operations must not exceed the interval 
between samples. 
2.3.7  Core Storage 
When determining the central processing unit 
core storage capacity, the following items should be 
considered:  (1) the amount of storage needed to 
handle the data samples, (2) the storage necessary 
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for permanent central processing unit residence of 
the real-time control program and the various Interrupt 
or trap porcessing subroutines, and (3) the availa- 
bility of bulk storage for operational programs. 
(Consideration should be given to the access time 
and the transfer rate.) 
2.3.3  Modularity 
The design of the data acquisition system must 
be such to permit expansion of both the storage capacity 
and the input/output channel capabilities to accommo- 
date system growth. 
2.3.9  Reliability and Flexibility 
The nature of data acquisition system applica- 
tions demands a very high degree of operational relia- 
bility as well as the flexibility to accept a variety 
of serial and parallel input and output data formats. 
Certain types of programs must be available to satisfy 
the programming systems requirements of a digital 
computer used for data acquisition and checkout 
functions in an operating environment.  These are: 
a.  Real-time data-handling and control 
programs 
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b. System diagnostic and checkout 
programs 
c. Uti11ty programs 
A typical operating sequence of the data- 
handling and control subroutines in a data acquisition 
system consists of the following: 
a. Initialization - The programs are 
initialized by a loader subroutine which 
reads into the central processing unit 
such parameters as identification of the 
transducers to be sampled, sampling notes 
and limits to be checked.  These initialized 
programs are then recorded on magnetic tape 
for later use. 
b. Pretest - A pretest calibration run is 
used to establish the reference measurement 
dimensions for the forthcoming test run. 
c. • Test Program - The test program performs 
the actual computer tasks during a test 
and comprises the real-time monitor, the 
trap processor and the ordinary processing 
routines (contact sense acquisition and 
record from transducers, display, and other 
computation routines such as conversion to 
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engineering units).  The real-time monitor 
selects the routine to be executed.  The 
trap processor decodes the interrupts and 
activates the appropriate routine for 
processi ng 
d.  Post-test - A post-test calibration run 
is used to check for any drift from the 
original calibration reference dimensions 
established at the start of the test 
The trap processor provides for the central 
processing unit to be automatically interrupted and 
control transferred to fixed locations in core storage 
upon receipt of certain types of input or output 
signals.  A status word which indicates the source 
and type of interrupt is also placed in core storage 
at the time the trap occurs.  The format of this word 
is such that it can be rapidly decoded by the real- 
time monitor to initiate the required interrupt 
processing subroutine. 
The input/output control function of the monitor 
program is to service input/output requests and estab- 
lish central processing unit queues and priorities for 
these requests.  When service is required by an online 
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unit, the central processing unit is interrupted and 
a start input/output instruction is issued to the 
channel.  This instruction specifies which channel and 
device &re   involved, and sets up a storage protection 
register (to insure that input data is not inadvertantly 
read into this or any other program storage area).  The 
input/output instruction also specifies to the channel 
where in core storage its program is located.  After 
the input/output instruction has been executed, the 
central processing unit is freed and the channel pro- 
gram runs independently of the computational programs 
on a cycle-stealing basis.  When the channel has 
completed its program (or encountered an error condi- 
tion), it interrupts the central processing unit for 
a new command instruction. 
2.3.10  System Diagnostic and Checkout Programs 
Diagnostic programs are required to logically 
test the entire system in order to isolate malfunctioning 
components.  These programs may be selected and initiated 
either manually or automatically upon detection of an 
out-of-specification condition.  In many systems, diag- 
nostic programs not only detect failures, but in certain 
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situations may also diagnose causes.  Data acquisition 
system diagnostic programs are divided between computer 
diagnostics and integrated system diagnostic programs. 
The computer diagnostics test the operation of the 
input/output channels and their trapping (interrupt) 
features along with the following components: 
a. Central processing unit (CPU) 
b. Card readers, punches, and printers 
c. Magnetic tape units 
d. Core storage 
To provide further assurance that the entire 
system complex is operational and to aid in preventive 
maintenance, integrated system diagnostic programs are 
provided.  These programs simulate the operation of the 
real-time programs.  To accomplish this, controlled 
inputs are inserted at points in the system, and 
calculated results are compared with expected values. 
Portions of the data and/or fixed data patterns are 
transmitted to allow the use of subsets to isolate 
specific malfunctions.  The integrated system diag- 
nostic programs should also include provision for 
testing each of the major system subsets, including 
the following: 
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a. Data conversion subsystem 
b. Digital-to-analog subsystem 
c. Contact sense subsystem (sometimes 
called events subsystem) 
d. Oisplay subsystem 
e. Contact operate subsystem (sometimes 
called control logic subsystem) 
2.3.11  Uti1i ty Programs 
Utility programs are used with data acquisition 
systems to facilitate development and operation of 
real-time and post-test application programs.  The 
following are some of the more common types: 
a. Tape-to-printer/punch/typewriter - lists 
or punches cards from magnetic tape file 
records. 
b. Card-to-tape - reads punched cards to 
form a magnetic tape file. 
c. Storage and tape dump - lists from core 
storage or tape a printout of selected 
core storage locations and/or selected 
magnetic tape file records. 
d. Start program - provides necessary actions 
to initiate or restart job processing. 
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Object card corrector - provides a "quick- 
fix" method for changing object program 
cards. 
Conversion processor - converts data formats 
under control of format information provided 
by print, type, card input/output and tape 
input/output utility programs. 
Print - generates either core storage 
output or magnetic tape output onto a 
printer in requested format. 
Type - generates either core storage output 
or magnetic tape output onto a typewriter 
in requested format. 
Card Input/Output - either reads or punches 
to or from core storage, or to or from 
magnetic tape files; processes all data 
formats converted by the conversion proc- 
essor; provides an input reader for single 
i nstructions. 
Tape Input/Output - reads writes, and 
positions magnetic tapes utilizing the 
channel features. 
Elementary functions - provides standard 
and accurate sets of sine, cosine, arc 
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tangent, natural logarithm, exponential 
and square root function program instruc- 
ti ons. 
1.  Tape Duplicator - generates a copy of 
selected magnetic tape files and records 
from one magnetic tape to another. 
2-. 4  Data Output Equipment 
Data output equipment is required for three 
types of functions: data recording, data display, and 
operational control.  High-speed data recording is 
usually done on digital magnetic tape.  In small 
systems and in applications where little data 
recording is required, all data output recording may 
be performed on paper tape or punched cards, or by 
means of a printer. 
Data display is required to inform the operator 
of the status and performance of a run so that he can 
make decisions for proper control.  A number of dif- 
ferent types of displays may be used. 
Control equipment allows automatic control of 
thre operation by the computer. The control may be a 
continuous or proportional type of feedback control, 
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where the control action is a function of the difference 
between measured conditions and desired conditions; or 
it may be a discontinuous, switching type of control 
such as that used to change from one operating phase to 
another.  Types of equipment used for the above three 
functions are reviewed in the following sections. 
2.4.1  Magnetic Tape 
Almost all data acquisition systems use magnetic 
tape for recording input data.  Some systems record the 
analog data from the front-end equipment in computer- 
controlled data acquisition systems; raw input data is 
often recorded onto magnetic tape in digital gapped 
format.  The central processing unit provides nothing 
more than a tape buffer and formatter in this type of 
operation.  The tape units must have writing speeds 
capable of accepting the incoming data at the rate 
received.  Tape-writing speed is a function of tape 
speed and character density, and the block length or 
record size. 
Two or more tape units may be necessary for 
long-duration runs to provide for rapid switching from 
one to the other when a tape reel is filled.  Additional 
tape units are also usually necessary for program 
42 
storage and for recording special data such as the 
results of calculations and conversions performed 
during the run.  This capability may be provided 
alternatively by other storage devices such as mag 
netic disks, punched cards, paper tape, or other 
devi ces. 
2.4.2 Punched Card Equipment 
Punched card equipment is frequently used in 
data acquisition systems to provide a convenient way 
to enter application programs and special control 
instructions into the computer.  Punch and read speeds 
are generally not critical except in card-only systems 
where all recording is done on cards. 
2.4.3 Paper Tape Equipment 
Paper tape provides a low-cost storage medium 
for both data and programs.  Many small, low-cost 
systems use paper tape for storage.  Paper tape 
compatibility is also often required in larger systems 
at installations which have paper tape equipment 
presently i nstal1ed. 
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2.4.4 Printers 
Printers can perform a dual role of output 
recording and display.  The results of calculations 
and conversions may be recorded on the printer and 
are available to the operator during operation.  In 
addition to printing alphameric characters, the 
printer may be used as a plotter in applications 
where plotting speed is not a critical factor.  Printing 
capability in data acquisition systems may be provided 
by conventional high-speed line printers, if speed is 
a factor, or it may be provided more inexpensively by 
output typewriters. 
The printer performs an extremely important 
role in system checkout and the diagnosis of troubles. 
As a very flexible alphameric display, the printer 
can indicate the status of the central processing unit 
and all peripheral equipment as checkout is performed. 
With switchable diagnostic programs, it can print out 
diagnoses of failures in the system. 
2.4.5 Alphameric Displays 
One form of visual alphameric display used 
for "quick-look" shows output data directly in decimal 
form--typically as three or four digits with a sign. 
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Additional digits or alphabetic characters may show 
identification data such as channel number.  Some of 
these displays may have other features such as decimal 
point with position control as part of output data, 
limit Indicators which show whether data 1s in or out 
of predetermined limits, and manual selection switches 
for selecting the channel to be displayed. 
Several types of alphameric displays are 
commercially available.  Mechanical displays use 
motor driven character wheels or characters positioned 
by solenoids in response to input data.  Another common 
type of electronic display uses electrode switching in 
a glow discharge tube to switch characters.  These are 
inexpensive, fast, and reliable.  Back-or edge-lighted 
displays rely on the switching of lights which illuminate 
separate characters in order to change the display. 
Other displays form characters by illuminating combina- 
tions of line segments.  The simplest types of decimal 
displays accept data from the central processing unit 
in ten-line decimal form.  Displays with built-in 
decoders may be obtained which accept binary or binary 
coded decimal data.  In many cases, the driving of 
output displays by the computer may require binary-to- 
binary coded decimal or binary-to-decimal output 
conversi on. 
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If a number of remotely located displays are 
required for displaying a number of different parameters 
or channels of information, it is often practical to 
provide addressable displays.  All display data is sent 
out on a single data bus along with an address of the 
display unit for which it is intended.  A comparator 
at each display examines each address and compares it 
with the address for its display.  If a correlation is 
found, the associated data is gated into the display 
unit. 
2.4.6  X-Y Plotters 
The X-Y type plotters draw graphs of two 
variables (dependent and independent) from the analog 
data.  They may be used to plot a computed parameter 
versus a measured parameter (for example, engine 
thrust versus combustion chamber pressure), or they 
may plot a computed parameter versus time.  Some X-Y 
plotters have self-contained digital-to-analog circuitry 
and may accept digital data directly from the computer. 
2.4.7  Cathode Ray Tube Displays 
The simplest type of cathode ray tube display 
is an oscilloscope with X and Y deflection amplifiers 
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driven from the central processing unit through digital- 
to-analog converters.  By suitable programming, the 
display can be made to plot curves and generate special 
patterns.  A third digital-to-analog converter may also 
be used to provide Z axis (intensity) modulation of the 
beam for emphasizing scale markings or parts of the 
di splay. 
Since the resolution of common oscilloscope 
displays need not be much more than about one percent 
of full scale, seven or eight bit digital-to-analog 
converters are usually adequate for the X and Y axis 
outputs.  A suitable oscilloscope display output can 
thus be provided by breaking a 16-bit output data word 
into two seven-bit X and Y deflection words and a two- 
bit Z axis modulation word.  A single 16-bit transfer 
through three digital-to-analog converters can thus 
be used to set the position and intensity of the oscil- 
loscope trace.  More sophisticated cathode ray tube 
displays are obtainable with higher resolution and 
greater display capability.  Resolutions up to one part 
in 4,000 can be obtained with tube face diameters of 
ten inches or more.  Character generation capability 
can also be provided by special character function 
generators in either the cathode ray tube display 
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itself or by programming.  Storage capability for 
holding and regenerating displays can be provided 
with digital storage or with cathode storage tubes. 
A further capability may be provided for expanding 
or contracting display scales, for magnifying portions 
of a waveform, for erasing or for changing a display 
manually. 
A useful type of cathode ray tube display for 
systems having a large number of analog input channels 
is the bar chart display.  This depicts all input 
channels as bars on a single representation where the 
length of the bar represents the value of the channel 
input voltage.  Every tenth bar may be intensified to 
facilitate channel identification.  In this mode, it 
is useful in setting up, checking out and diagnosing 
troubles in a multichannel data acquisition system, 
since it shows total operation at a glance.  Malfunc- 
tioning channels may be identified quickly.  Cathode 
ray tube displays are available which accept sequential 
eight-bit digital data words (corresponding to channel 
inputs) and to generate the bar displays. 
2.4.8  Status Indicators and Warning Lights 
Status lights are important in data acquisition 
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systems to display the state of valves and switches 
and/or the occurrence of out-of-1imit or dangerous 
data values, or the failure of some action to take 
place in proper sequence or when commanded.  Status 
lights inform the operator of the present status of 
an operation, whereas warning lights direct an operator 
to take some action to avert a dangerous or erroneous 
condi ti on. 
Status and warning lights are actuated by 
control relays or latching switches which are addressed 
from the central processing unit.  Banks of relays or 
latching switches containing an address decoder are 
connected to a low-speed data channel.  Each relay or 
switch is then actuated by a unique address. 
2.4.9 Control Relays or Switches 
Control relays or switches are used for such 
things as sequencing of actions or phases, applying 
various excitations for calibration or checkout 
purposes, and step control of operating parameters. 
An example of the use of control relays is the se- 
quencing of the various valve closures and switches 
required by oil refineries. 
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Control relays are generally actuated by 
decoding an address from the central processing unit. 
For latching relays, sufficient addressing capability 
Is required to establish either an open or a closed 
condition on any relay.  A separate address is usually 
provided to reset all relays to an open condition. 
2.4.10  Analog or Proportional Controllers 
Analog or proportional control capability is 
required where a smooth continuous control of an 
element or mechanism is required.  An operation of 
this type is the requirement to control a position 
servo and to exercise it through its range during a 
run.  An example of this type of control would be 
the automatic adjusting of potentiometers for 
temperature control in a furnace operation.  Analog 
outputs for this type of control are obtained by 
using digital-to-analog converters to convert central 
processing unit output words to analog form.  The 
computer flexibility, then, may be used to generate 
a wide range of output functions for control purposes 
Special analog drivers may be needed to provide the 
power levels required to drive servos. 
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CHAPTER 3 
MINICOMPUTER BASED DATA ACQUISITION SYSTEM 
3.1 Introduction 
3.2 Specific Problem 
3.3 Specific Software 
3.4 Errors 
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3 . 1  Introducti on 
It may be stated that one objective of a 
manufacturing process is the satisfactory control of 
materials, machines, and people.  The purpose is the 
efficient production of product.  In a manufacturing 
process, obtaining a timely exchange of information 
is essential.  This information is generated from two 
sources, machines and people.  The process of acquiring 
data from a machine is considered data acquisition. 
The process of collecting data from or about a person 
is considered data collection.  This distinction between 
the two is pointed out only to present a clearer picture 
of the problem at hand.  The system in this thesis will 
term both the collection of data from people and the 
acquiring of data from machines as data acquisition. 
However, both types of data will be processed in a 
manner appropriate to the data type.  The exact pro- 
cessing of the data will be discussed later in this 
chapter. 
The philosophy on which this system is formulated 
warrants some attention.  The system itself must play a 
dynamic role in the data acquisition process.  It will 
acquire the required data from both the machine and the 
operator so that enough information will be provided to 
52 
run a shop efficiently and effectively.  Each person 
will nave enough information to carry out his job.  For 
the shop manager, this may mean a picture of the overall 
production and efficiency of his group or the location 
of problem areas; for the shop worker, a manager in his 
own right, it means knowing more information about his 
machine; for the engineer, it provides a means of ac- 
quiring data for analysis which leads to better machine 
control.  For every manager, at every level, an answer 
supported by the facts is worth more than the most 
intelligent guess.  Refer to Chapter 5 for the details 
of management considerations. 
The software, and the necessary data acquisition 
hardware, are designed to provide, on a continuing 
basis, the information necessary for shop workers and 
supervisors to carry out their jobs.  Data entered from 
the machine operator and data acquired from the machine 
are used to build up a profile of the machine's activ- 
ities and acquire feed, speed, and temperature informa- 
tion about the machine.  This system can stand alone if 
necessary or output data can be fed to a main-frame 
computer for analysis.  Refer to Chapter 7 for a dis- 
cussion about analysis techniques. 
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The cost of manufacturing includes estimating, 
planning or scheduling, raw materials and a wide variety 
of processing steps, and ends with final assembling and 
shipping.  Each processing step may represent a signif- 
icant part of the overall cost of producing the finished 
product.  However, in most plants very little information 
is acquired about the activities of the machine operators 
or about the variables associated with the process step 
itself.  Many problems in manufacturing are caused by 
management not having adequate information about the 
effect that changes have upon a processing step.  A 
change in raw material, temperature, or time may be very 
critical to the production of good product. 
A minicomputer can both monitor a process step 
for immediate feed-back and also collect information 
about the operator and about the process step.  The 
important concepts are the flow of information and the 
capability of the automated system to integrate all the 
monitoring and data acquisition functions into a single 
system. 
3 . 2  Specific Problem 
This thesis is devoted to the systematic 
development of a generalized manufacturing process step 
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minicomputer based data acquisition system.  The system 
is designed to supply monitoring and data acquisition 
capabilities but not direct control.  Warning messages 
are generated for out-of-control information. 
Based on the general system requirements, the 
following objectives were established: 
a. This system should acquire machine, 
piece part, and operator data. 
b. The developed system can be retrofitted to 
existing machine tools or be incorporated 
into new machine tool systems. 
c. These data acquisition principles can be 
applied to any manufacturing process step 
equipment.  The software can be modified 
to fit other applications. 
d. Data reduction techniques are incorporated 
to reduce acquired data as much as possible 
but to still maintain data integrity. 
e. Provision is made for statistical techniques 
to be executed on a main-frame computer for 
data evaluation.  The statistical techniques 
are discussed but are not implemented. 
f. Operator interaction will use the Menu 
approach to reduce input errors.  A Menu 
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approach allows for easy training of 
existing machine operators. 
g.  A profile option has been included to 
provide the operator or engineer with a 
method of obtaining immediate information 
about the data values being acquired. 
In the design of this minicomputer based data 
acquisition system, the following aspects of the appli 
cation specifications were considered: 
a. Real-time operating system environment 
b. Operator interaction 
c. Output signal levels from the sensors 
d. Signal conditioning requirements 
e. Required sampling rates 
f. Resolution and accuracy requirements 
g. Central processing unit capabilities 
h.  Operating system capabilities 
i.  Programming system requirements 
j.  Quick-look requirements (Profile) 
k.  Process step operating environment 
1.  Management requirements 
3 . 3  Specific Software 
The minicomputer based data acquisition system 
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developed in this thesis provides an integrated 
combination of hardware and software features that 
together provide high performance at a reasonable 
price.  In order to accomplish this integrated system, 
three items must be looked at carefully.  They are: 
(1) hardware, (2) operating system, and (3) user 
programs.  The other chapters of this thesis are 
devoted to the design, justification, selection, 
management considerations and concepts involved in 
the development and implementation of a minicomputer 
based data acquisition system.  Appendix C outlines 
the capability of the RSX-11M/S3  operating systems, 
Appendix F outlines the development and operating 
system hardware, and Appendix A discusses assembly, 
taskbuilding, execution, error messages, utility, and 
operator responses. 
The programs, and the necessary data acqui si,tj.on 
hardware, are designed to provide, on a continuing 
basis, the information necessary for shop workers and 
supervisors to carry out their jobs.  Programs "OPERIN" 
and "DATACQ" are discussed in detail in the following 
sections. 
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3.3.1  OPERIN 
Program "OPERIN" consists of a main program with 
several subroutines (Table 3.3.1).  "OPERIN" is used to 
acquire operator data and to enable or disable program 
"DATACQ".  "DATACQ" acquires the thermocouple and 
strain gage data, and will be discussed in Section 
3.3.2. 
Name Description 
TMDATE Get current time and date 
PTDATM Convert time and date for paper tape 
LTDATM Convert time and date for listing 
LISTTD List time and date on console 
CONERR Convert I/O error status for listing 
IDCVER Convert ID input for paper tape 
PTREC Punch a paper tape record 
WTHELP Write an operator message 
TABLE 3.3.1   "OPERIN" Subroutines. 
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** 0 P E R IN * is written to be easily tailored to 
fulfill the exact requirements of individual users. 
A Menu approach has been used to enable existing machine 
operators to quickly learn the operation of this system. 
The Menu options are shown in Appendix A, Section A.5. 
Program "OPERIN" operates in the following 
manner : 
a. The program is loaded and execution is 
initiated as shown in Appendix A. 
b. Menu item 0 (ID information) must be 
entered before any other option, except 
help, can be initiated.  This interlock 
is designed so that an operator cannot 
forget to identify the part.  Upon operator 
completion of this necessary identification 
information, it is punched on to paper tape 
and program "DATACQ" is signalled to start 
taking readings. 
c. Items 1 through 8 cause the necessary 
information that applies to each response 
to be punched on to the paper tape and 
"DATACQ" is signalled to stop taking 
readi ngs. 
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d. Items L, H, and U  cause the required 
information to be listed on the console. 
"OATACQ" is not affected. 
e. Item P causes the profile readings, as 
shown in Table 3.3.2, to be listed on the 
console.  "DATACQ" is signalled to actually 
do the profile listing.  Every reading that 
i s taken is 1i sted. 
f. Item F causes the profile readings, as 
shown in Table ,3.3.2, not to be listed 
on the console.  "DATACQ" is signalled 
to stop listing the readings.  Readings 
continue to be taken in the normal manner. 
After every option selection "OPERIN" can be 
checkpointed to disk and therefore only has a memory 
requirement when a response is necessary.  It is 
expected that the operator input will not be of a 
high frequency.  A source paper tape of "OPERIN" is 
filed in the library of the Lehigh University Computer 
Center.  Refer to Figure 3.3.1 and Figure 3.3.3 for 
program and system flow charts.  Refer to Table 3.3.3 
for paper tape record format. 
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OP 
DA 
OA 
DA 
DA 
DA 
DA 
DA 
DA 
DA 
DA 
DA 
DA 
DA 
DA 
OP 
?   - PROFILE OPTION SET ON 
07-08-77  17:43:07 
(a>nnnfi7\b)nnnfi7(c)nnnfi7(d) 07 
13 
16 
20 
11 
25 
28 
32 
34 
38 
40 
43 
46 
00067 
00067 
00068 
00068 
00060 
00069 
00069 
00071 
00071 
00071 
00071 
00071 
00072 
00068 
00069 
00071 
00071 
00071 
00072 
00073 
00073 
00074 
00075 
00075 
00076 
00067 
00068 
00068 
00068 
00069 
00069 
00071 
00071 
00071 
00071 
00071 
00072 
00067(e)005G5(f 
00068  00510 
00069 
00071 
00071 
00071 
00072 
00073 
00073 
00074 
00075 
00075 
00076 
00515 
00520 
00525 
00530 
00535 
00540 
00545 
00550 
00555 
00560 
00565 
00508(g) 
00516 
00524 
00532 
00540 
00548 
00556 
00564 
00572 
00580 
00588 
00596 
00604 
F - PROFILE OPTION SET OFF 
TABLE 3.3.2 "OPERIN" Profile listing. 
(a) = Seconds 
(b) through (e) = Thermocouple readings (°F) 
(f) and (g) = Strain gage readings (millivolts) 
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Mane Bytes 
PPOUT i 
MONTH 
DAY 
YEAR 
HR 
MIN 
SEC 
CODE 
SBCODE 
FROM 
PARTID 2 
LOTID 2 
SPEC 2 
SPACE 2 
PTEND 1 
•Data Value 
(Binary) 
10111101 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
00111100 
Descr ipti on 
Start-o*-Record 
Current Month 
Current Day 
Current Year 
Current Hour 
Current Minute 
Current Second 
Code 
Subcode 
Operator Number 
Part Number 
Lot Number 
Special Code 
Not Used 
End-of-Record 
TABLE 3.3.3  "OPERIN" Paper tape record format. 
*Note: If set to 0, program sets the value before output 
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3.3.2  DATACQ 
Program "DATACQ" consists of a main program 
with several subroutines (Table 3.3.4).  "DATACQ" is 
used to acquire data from tnermocouples, strain gages, 
and possibly other sensors.  "DATACQ" is enabled and 
disabled by "OPERIN". 
Program Name Descri ption 
TMDATE Get current time and date 
PTDATM Convert time and date for paper tape 
LTDATM Convert time and date for listing 
LISTTD List time and date on console 
CONERR Convert I/O error status for listing 
PPOUT Punch a paper tape record 
LEADER Punch leader or trailer 
THERST    Simulate four thermocouple and two 
strain gage readings 
THMCVT Convert millivolts to table reference 
THMTOD Convert millivolts to degrees Fahrenheit 
COMPAR Check if thermocouple reading has changed 
COMPAS Check if strain gage reading has changed 
PROFIL List data on console as read 
DUMP Punch all buffers on paper tape 
TABLE 3.3.4   "DATACQ" Subroutines. 
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"DATACQ" is written in a straightforward manner 
with the intent that the program can be easily tailored 
to fulfill the exact requirements of individual users. 
The following items are listed to show the attributes 
of "DATACQ": 
a. Thermocouple readings are converted from 
millivolts to degrees Fahrenheit with one 
degree accuracy between 60°F and 250°F. 
Higher and lower readings will lose a degree 
of accuracy for every 20°F.  The one degree 
accuracy is achieved through the use of a 
table in the computer program.  The table 
has an entry for every  ten degrees^between 
60°F and 250°F.  Interpolation is used to 
adjust for the values between table entries. 
A higher conversion accuracy can be obtained 
by more table entries (say every five 
degrees).  A greater range can be achieved 
by expanding the table. 
b. Subroutine THERST generates four thermo- 
couple and two strain gage readings. In 
actual use, THERST will be replaced by a 
call to the driver of the reading hardware, 
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usually a scanner or ana log-to-digital 
converter.  The four thermocouples and 
two strain gages are not a limiting factor. 
Simple program changes will enable the 
inputting of almost any number and variety 
of sensors, 
c.  To reduce the amount of paper tape output, 
a buffering system is used.  There is a 
buffer and counter for each sensor.  A data 
reading on a given sensor is taken, stored 
in the buffer, and the counter is set to 
one.  The next reading will increment a 
thermocouple counter if it is within two 
degrees Fahrenheit of the current buffer 
value, 100 millivolts if it is a strain 
gage.  If the value is over two degrees 
Fahrenheit, 100 millivolts; the buffer will 
be punched on paper tape, the new reading 
will be placed in the buffer, and the 
counter will be set to one.  This tech- 
nique reduces paper tape output while still 
maintaining accuracy.  The two degree 
Fahrenheit, 100 millivolts, can be adjusted 
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for a wider or narrower range.  Obviously 
this technique only reduces paper tape 
output if the sensor readings do not 
£_ normally vary beyond the set limits for 
every reading. 
"DATACQ" is designed to remain in memory for the 
entire time that readings are required.  This is the 
only way that readings will be taken on the time inter- 
val required.  "DATACQ" can be checkpointed when no 
readings are required.  A source paper tape of "DATACQ" 
is filed in the library of the Lehigh University Com- 
puter Center.  Refer to Figure 3.3.2 and Figure 3.3.3 
for program and system flow charts.  Refer to Table 
3.3.5 for paper tape record format. 
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Mame 
PTPUN 
MONTH 
DAY 
YEAR 
HR 
MIN 
SEC 
CODE 
SBCODE 
FROM 
STPT 
OECLOC 
TIMINT 
NUMR 
DATA 
PTEND 
I* es 
2 
2 
2 
1 
*Oata Value 
(Binary) 
10111101 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
00111100 
Description 
Start-of-Record 
Current Month 
Current Day 
Current Year 
Current Hour 
Current Minute 
Current Second 
Code 
Subcode 
Thermocouple or 
Strain Gage No. 
Not Used 
Decimal Point 
Locator 
Time Interval 
Reading Counter 
Reading Value 
End-of-Record 
TABLE 3.3.5  "DATACQ" Paper tape record format 
*Note:  If set to 0, program sets the 
value before output. 
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3 . 4  Errors 
Data entered into the system by the operator 
and data acquired by the minicomputer is made available 
to the analysis programs and then appears in management 
reports.  It is therefore important that all data be 
checked for accuracy at the time it is entered.  The 
following methods of detecting data errors have been 
incorporated into the minicomputer based data acquisi- 
tion system designed for this thesis: 
a. Each paper tape record has a special bit 
configuration added to the front and rear 
of each data record that is punched on to 
paper tape.  These bit configurations 
insure that the analyzation programs can 
always detect the start-of-record and the 
end-of-record. 
b. Range limits have been established for 
each data input.  For example, thermo- 
couple data generates an error message if 
the reading goes below 67 degrees Fahren- 
heit or above 250 degrees Fahrenheit. 
c. All data is checked before output for 
reasonableness.  Each item in a data output 
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record has a minimum and maximum range. 
For example, operator number, part number, 
lot number, code, subcode, and thermo- 
couple number cannot be negative and must 
be below a previously set high limit. 
Limits are set for most variables.  It must 
be remembered that when a variable, such as 
number of thermocouples, is increased, the 
check limit must also be changed. 
Application of operator input message 
checking of values and formats on every 
operator input.  This verifies that all the 
required information has been entered. 
Additional checks insure that the correct 
number of digits are entered for each 
field.  For example, the operator must 
completely input the operator and piece 
part identification before other menu 
inputs will be allowed. 
When an error is detected during data 
entry, the system must generate a meaningful 
error message to notify the operator.  If 
the error is caused by operator input, the 
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operator is asked to correct and reenter 
the data that was in error.  Most errors 
are corrected at second entry.  If the 
error is caused by thermocouple or strain 
gage input, the foreman or other supervisor 
must be notified. 
Up to this point, errors caused by input data 
have been discussed.  However, there is another type 
of error, equipment error.  An equipment error occurs 
when a unit fails to read or write data correctly, or 
when a parity error occurs in memory.  When the 
operating system or the user's error routines detect 
an equipment error, it initiates further attempts to 
read or write the data.  If a further attempt succeeds, 
the device must have an intermittent failure, and this 
is logged for later analysis by servicing engineers. 
Meanwhile, processing continues.  If the further 
attempts to read or write should fail, the system 
itself performs a diagnosis that helps the servicing 
engineer locate the trouble.  The system is temporarily 
i noperati ve. 
The console of the minicomputer based data 
acquisition system should have hard copy output so 
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that all errors, data or system, are recorded.  If a 
cathode ray tube terminal is used for the console, it 
is possible to lose error messages unless an operator 
continuously monitors the terminal. 
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CStartJ 
JSR 
LlSTTD 
STOP 3 
Print 
DATACQ 
Status 
JSR 
LISTTD 
< ST0P   ) 
FIGURE 3.3.1 Program "OPERIN" (Operator 
Input) block diagram. 
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f    START "W. 
Receive 
BUFF 
JSR 
DUMP 
JSR 
THERST 
I 
JSR 
THMCUT 
z 
JSR 
COMPAR 
No 
Yes 
JSR 
COMPAS 
JSR 
PROFIL 
Z3  
Suspend 
DATACQ 
JSR 
CONERR 
C ST0P ) 
JSR 
CONERR 
J 
FIGURE 3.3.2 Program "DATACQ" (Data 
Acquisition) block diagram. 
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Minicomputer 
PDP-11/34 
Sensor 
1 
Sensor 
2 
Other 
Programs 
Program 
"DATACQ" 
Program 
"OPERIN" 
RSX-11M 
Executive 
Sensor 
3 
Sensor 
4 
Thermocouples 
Disk 
Sensor 
5 
Sensor 
6 
Strain Gages 
FIGURE 3.3.3 Machine shop monitor system. 
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CHAPTER 4 
JUSTIFICATION AND SELECTION OF A MINICOMPUTER 
4.1 Justi fi cati on 
4.2 Selection 
4.3 Cost Considerations 
4.4 Considerations When Buying a Minicomputer 
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4.1  Justi f icati on 
For a number of years, the choice between 
computer control and hard-wired logic control had 
been relatively easy.  In general, hard-wired logic 
systems were the economical choice for simple control 
functions in a stable process.  But where the system 
was required to control many different functions, and 
where there was a high probability of a need for 
change or expansion, the computer proved more economical 
because of the ease with which it can be reprogrammed to 
perform additional functions with little or no additional 
hardware.  However, with today's rapidly dropping prices 
and engineering's increasing need for information about 
each manufacturing process step, the minicomputer has 
become competitive for many applications that were pre- 
viously considered uneconomical.  More and more, the 
flexibility of a minicomputer permits it to compete 
with hard-wire control. 
Minicomputers are also competing against main- 
frame computers.  The minicomputer was originally 
developed to replace hard-wired control, but lower 
costs and increased power have enabled it to compete 
successfully against the larger, more costly main- 
frame computers.  Minicomputers are now controlling 
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and monitoring machine tools, and automated production 
facilities that only a few years ago would have not 
been economically feasible due to the high costs that 
would have been incurred using a large main-frame 
computer. 
When a minicomputer is considered, all the 
alternatives must be evaluated.  Every level of manage' 
ment wants to know how the available dollars can be 
spent to yield the best return.  In this evaluation, 
the choice must be considered on the basis of the sum 
of (1) installed capital cost, (2) maintenance cost, 
(3) operating cost, including manpower, and (4) intan- 
gible or other benefits.  Installation costs, hardware 
costs, and software costs can be determined from 
quotations that are received from manufacturers, as 
outlined in Section 4.2. Maintenance costs may be 
difficult to compare.  Most minicomputer vendors will 
provide maintenance contracts for a monthly fee based 
on the size of the minicomputer system and the amount 
of coverage requested by the customer.  Twenty-four 
hour total time and material coverage will cost more 
than eight-hour coverage paid on a per call basis. 
The cost of similar maintenance for each vendor's mini' 
computer can be compared.  However, it may be more 
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difficult to estimate the maintenance cost of in-house 
maintenance of either the minicomputer system or other 
control systems.  It must be the engineer's best 
estimate that is used in these cases.  Operating costs 
are also very difficult to determine.  If necessary, 
the engineer's best estimate should be used. 
Some processes present difficult control prob- 
lems because of frequent disturbances, complex inter- 
actions between process variables, and continually 
changing characteristics.  A minicomputer has the 
ability to deal rapidly with these variables and also 
allow easy modification of operations.  Such flexi- 
bility can be of significant benefit in the form of 
increased production, reduced quality variation, 
lower operating costs, data-enhancing techniques, 
and experiments can' be run more easily.  A mini- 
computer can be an around-the-clock extension of a 
plant's supervision.  The process can be made to 
operate the way the plant manager, production manager, 
or product engineer wants it to.  The amount of 
operator attention required will be reduced, and the 
operator will not be allowed to make arbitrary changes 
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4 . 2  Selection 
In selecting a minicomputer from the variety 
of models available, price should be only one of many 
factors considered.  Choosing a minicomputer is 
essentially no different from choosing conventional 
control components in that it requires an analysis 
of the manufacturer's application capability and of 
the equipment in the light of specific requirements. 
The specific requirements of the customer should be 
carefully written in a "Request for Quotation" as 
shown in Appendix E.  The "Request for Quotation" 
should be sent to several vendors with a request for 
them to choose the necessary hardware and software to 
accomplish the requested system.  Vendors should be 
requested to reply within a reasonable time period, 
about 30 days.  It is very important to enforce the 
deadline so that all vendors are treated fairly.  If 
a vendor requests an extension, for good reason, and 
the customer wishes to grant the extension, then all 
vendors must be given the same extension.  Also, no 
vendor's reply shall be opened until the preset dead- 
line date.  It is common for a vendor to want to 
discuss the specification with the customer prior to 
quoting.  This is reasonable and should be done, but 
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the specification should not be changed in any way 
unless all vendors are notified of the change.  Every 
vendor must have exactly the same information. 
Upon receiving all quotations, the customer 
then can evaluate them based on how well the system 
will do the job, and price. It i$ common that some 
vendors will be priced totally out of range and can 
be immediately eliminated. Also, some may not be 
able to provide the necessary hardware or software, 
and they can also be eliminated immediately. 
4.2.1  A Proposal Evaluation Technique 
Both cost and the effectiveness of the system 
in meeting the specification requirements were con- 
sidered in evaluating the proposals.  The total system 
was divided into its component logical areas.  Each 
area was assigned a percentage figure relative to its 
importance to the overall system.  Each component item 
of each area, which was keyed to a corresponding item 
in the specification, was assigned a maximum number 
of 100 points.  Each vendor was rated on each specifi- 
cation item in accordance with ability to meet the 
specific item.  Scoring was from 0 (no ability to meet 
specification) to 100 points (100% ability to meet 
specification). 
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Each vendor's score for each area was then 
multiplied by the "percent importance" for that area 
to obtain his weighted score.  The total weighted 
score for each vendor is the sum of the area weighted 
scores. 
The following weighting scheme is an example 
of assigning weights to each vendor's proposal.  In 
each situation, the customer will adjust the "percent 
importance" to reflect his own feelings.  The list 
of system components follows the specification in the 
"Request for Quote," Appendix E. 
System Components 
Central Processor (25%) 
Memory size 
Expandabi1i ty 
Peripheral attachment 
Instruction set 
Cycle times 
Input/Output 
Instruction set 
Registers 
Memory protection 
Peripherals (15%) 
Disk storage 
Magnetic tapes 
Paper tape reader 
Paper tape punch 
Console 
Pri nter 
Importance 
3 
3 
3 
3 
3 
3 
3 
2 
2 
2 
3 
2 
3 
3 
2 
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System Components « Importance 
Interfaces (13%) 
Interrupts 
Parallel i nput 
Parallel output 
Clocks 
Thermocouple input 
Strain Gage input 
Operating System (14%) 
Memory size 
Ease of use 
Multi parti ti ons 
Real-time 
Power fail protect 
Software (20%) 
Editor 
Diagnostics 
Li braries 
Utilities 
Assembler 
Fortran compiler 
Linkage editor 
Loader 
Vendor Items (8%) 
Environmental standards 
Physical layout 
Mai ntenance 
Delivery 
Terms and conditions 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
2 
2 
3 
3 
3 
3 
2 
2 
2 
1 
1 
2 
2 
2 
100 
The proposed weighting scheme will provide a 
method for rating each vendor's system based on per> 
formance.  Now the cost of each system must be con- 
sidered so that a price/performance index can be 
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derived.  The following equation shows a possible 
way to include price in the evaluation: 
Price/Performance Index = 
Total Weighted Point Score  10Q 
Total System Cost 
EXAMPLE 
Total Weighted 
Vendor      Score  
X 2365 
Y 1924 
Z 1789 
System Price/Performance 
Cost  Index  
$27,500 8.6 
29,600 6.5 
33,125 5.4 
In the above case, Vendor X is the best choice. 
Another consideration that can completely eliminate a 
vendor, even if the point score is good, is if the 
vendor receives zero points in a critical area.  For 
example, if a vendor does not have a FORTRAN compiler 
and it is absolutely necessary, the vendor must be 
eliminated even if the rest of his points are excellent 
The above weighted scoring method is effective 
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in that it helps a user to understand his actual 
needs by forcing him to determine and state the relative 
emphasis (weight) to be placed on each item.  This 
method enables the user with limited resources for 
selection to make an effective comparison by utilizing 
only the data provided by the manufacturers.  A 
detailed evaluation of individual minicomputer features 
such as architecture, memory, processor, input/output, 
software, costs, and manufacturer's related considera- 
tions may thereby be made.  In addition to the relative 
cost and power, there are other considerations such as 
expandability, reliability, deliverability, and the 
manufacturer's reputation which should be included in 
a complete evaluation. 
4.3  Cost Considerations 
Computer projects must justify their existence 
by competing with other company needs for capital. 
They must either reduce costs through replacing manual 
operations or by obtaining system information that 
can be used for better decision making.  It is top 
management's responsibility to know how the informa- 
tion generated so rapidly by a minicomputer will 
improve management decisions. 
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The difficulty in identifying accurately the 
costs and dollar benefits of a minicomputer proposal 
has already been discussed.  Many assumptions must 
be made, particularly when the computer proposal 
involves estimating improvements in management decisions 
resulting from system information.  The proposal must be 
accurately justified and the goals realistic or the 
project is doomed to failure.  Cost of a vendor's hard- 
ware can be very accurately determined through the 
evaluation of a "Request for Quotation," Appendix E, 
Section V.  Minicomputers are usually sold with a 
basic price tag for the minimum configuration.  The 
user generally requires an expanded configuration with 
additional features classed as options.  The total 
configuration cost, including the price of all required 
options, must be considered in the evaluation.  A wide 
variation exists in manufacturer's pricing structures. 
Some include in their basic system what are options in 
another manufacturer's system.  A lower base price does 
not necessarily mean a lower price for the expanded con- 
figuration.  In addition to the total configuration 
price, significant costs are incurred in programming, 
interfacing, and maintenance.  In end user applications, 
these account for as much as two-thirds of the total 
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system costs.  If these costs are the same for all 
vendors that bid on the specification, they can be 
ignored as far as choosing a vendor is concerned. 
However, if these costs vary from vendor to vendor, 
these costs should be added to the system purchase 
prices.  In any case, management must be aware of all 
costs i nvolved. 
It is standard practice to purchase rather than 
rent a minicomputer system.  Renting is often done 
through a third party lease agreement.  In a third 
party lease, a leasing company buys the system the 
customer wants and then leases this system to the 
customer.  The economics of purchase versus leasing 
must be determined by the customer's company standard 
rate of return requirements.  Expected life of equip- 
ment, salvage value, lease cost, overtime rental 
charges, local sales or use taxes, maintenance, property 
tax, investment tax credit, and interest costs on 
borrowed money must be considered when making this 
romparison.  "The Economics of Computers," by W. E. 
13 
Sharpe  discusses many phases of computer economics. 
In all "Requests for Quotation," the vendor 
should be required to present the system costs as 
outlined in Appendix E, Section E.5. This type of 
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outline will give the user a comprehensive view of 
a vendor's prices for purchase and leasing (if avail 
able).  It should be the objective of every  manager 
and every engineer to acquire the best minicomputer 
system for the money spent. 
13 4.3.1  Lease versus Purchase Example 
Assume that a firm has decided it must use a 
particular computer for a 24-month period until next- 
generation equipment can be delivered.  The only 
decision concerns financing: Should the computer be 
rented or purchased?  Rental (including maintenance) 
costs $1,500 per month.  The purchase price of the 
machine is $45,000, the monthly cost of a maintenance 
contract is $350, and the computer's estimated market 
value 24 months hence is $24,000.  Assume that the 
firm is absolutely certain that the figures given 
above are correct.  A simple analysis might suggest 
that it would be cheaper to purchase than to rent: 
Rental : 
$l,500/month for 24 months $36,000 
Purchase: 
Purchase cost $48,000 
Mai ntenance: 
$350/month for 24 months      8,400 
Less sales value 24 ,000 
Net Cost $32,400 
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Unfortunately, the conclusion may be incorrect. 
The error lies in the addition of dissimilar amounts. 
A dollar spent 24 months from now is not the same as 
a dollar spent now.  Adding together expenditures 
occurring at different points of time is unreasonable. 
The concept of present value is the key to 
understanding problems of this sort. The sum of 
X dollars received in the future is less valuable 
than X dollars received now. Some larger amount, 
however, will be considered equally valuable. Let 
Y|N) represent such an amount received N periods in 
the future.  Obviously, 
YN > X 
Assume, for example, that $1.00 today can be traded 
for $1.22 available 40 months from today.  A succinct 
description of the terms would be as follows: 
or 
Y40 = 1.22X 
!i° = 1.22 
However, an alternative description is far more common 
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If X dollars were placed in an account returning r% 
interest per month compounded monthly, the value at 
the end of N periods would be 
YN = (1 + (r/100))N X. 
There is, of course, some value of r for which 
(1 + (r/100))40 = 1.22; it is, in fact, slightly less 
than one-half of 1* per month.\ Thus the terms of 
trade are as follows: 
r40 = 1/2%. 
If the terms are applicable to trades involving 
virtually certain payment in the future, it is con- 
sidered a pure rate of interest, since it reflects 
only preference for present over future goods and 
services, and not the preference for certainty over 
uncertai nty. 
Now assume that Yf, dollars must be spent N 
months from now and that the pure rate of interest is 
r%  per month.  The present value (X) of the expenditure 
is defined as a present amount of equal value: 
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U,   * (1 ♦ (r/100))  X 
or 
■G /(l ♦ (r/100))'1  Y ■] N 
The term in the braces is called the discount factor; 
it will always be less than 1 (as long as r and N 
are positive).  Multiplying the actual amount (YM) by 
this factor to compute present value is termed 
di scounti ng. 
The proposed problem can now be recalculated. 
Assume that the current market pure rate of interest 
is 1%   per month (12% per annum).  The policies of 
renting versus purchasing can be compared by computing 
the sum of the present values of the required cash 
flows.  Outflows (costs) are represented by negative 
values, and inflows (receipts) by positive values: 
RENTAL: 
Month(N) 
1 
2 
Cash Flow 
-$1,500 
-$1,500 
Present Value 
of $1 
0.9901 
0.9803 
Present Value 
of Cash Flow 
-$1,485.15 
-$1,470.45 
24 -$1,500       0.7376 
Total present value 
-$1,181.40 
-$31,864.80 
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PURCHASE : 
Month (») 
0 
1 
2 
Cash Flow 
-$45,000 
-$   350 
-$   350 
Present Value 
of $1 
1.0000 
0.9901 
0.9803 
Present Value 
of Cash Flow 
-$45,000.00 
-$  346.54 
-$  343.11 
24      -$   350      0.7876 
Salvage    -$24,000 
Total present value 
-$   275.66 
+$18,902.40 
-$33,532.36 
Purchase no longer appears to be the cheaper 
policy. When the timing of the cash flows is taken 
into account, rental is shown to be preferable. 
4.3.2  Acceptance or Rejection Example 
In this example the alternatives are to under- 
take the investment or not to undertake it.  The 
present value method will be used to calculate the 
rate of return on the required investment. 
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VARIABLES: 
Length of study 5 years 
Minicomputer System $34,396 
Associated Hardware S 6,792 
Software Development $ 4,198 
Installation $ 1,054 
Salvage Value -$ 5,000 
Cost less salvage value      $41,440 
SAVINGS: 
Income Tax Adjustment 
Year  Gross Gross x 52% 
1 $26,000 $13,520 
2 39,000 20,280 
3 39,000 20,280 
4 47,000 24,440 
5 53,000 27,560 
Total cash return:  $106,080 
RATE OF RETURN PERCENTAGES: 
Total Cost $46,440 
Cost Less Salvage 41,440 
Average Annual Return 21,216 
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The foregoing data are all that are needed to 
calculate the rate of return.  This is a trial and 
error procedure, assuming different interest rates 
until the one is found which provides present values 
whose sum most nearly equals the investment. 
Year 
38.0% 
PV Factor Return 
36.0% 
PV Factor  Return 
1 .7246 $ 9,797 .7353 $ 9,941 
2 .5251 10,649 .5407 10,965 
3 .3805 7,717 .3975 8,062 
4 .2757 6,739 .2923 7,144 
5 .1998 5,507 .2149 5,924 
Total $40,408 $42,036 
Rate of Return = 36.0% 
If the rate of return is above the current 
cost of capital, the investment is reasonable to 
consider.  In the example, the rate of return is 
36.0%, and since it is assumed the present cost of 
capital is 12.0%, the investment should be considered 
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Although the rate of return is an extremely 
useful measure for some purposes, it is quite inappro- 
priate for others.  It is inappropriate when choosing 
among mutually exclusive investments; although several 
may have rates of return exceeding the relevant rate 
of Interest, the one giving the greatest present value 
may not be the one with the greatest overall benefit 
to the company.  The rate of return can prove useful, 
however, when it is possible to undertake an invest- 
ment without affecting the firm's ability to undertake 
other investments 13 
4.4  Considerations When Buying a Minicomputer 
4.4.1  Archi tecture 
Word length, type of circuitry, number of 
accumulators, and bus structure all play an important 
role in minicomputer architecture.  Minicomputers 
have word lengths ranging from 8 to 24 bits.  The 
smaller word lengths result in lower cost, but larger 
word length machines generally have a more powerful 
instruction set and higher performance.  Since opera- 
tions are often memory-access limited, larger word 
lengths also mean greater accuracy and efficiency. 
Many manufacturers have now standardized on 16-bit 
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word machines to achieve a good balance between size 
and cost. 
Circuitry is now being designed using integrated 
circuits to reduce cost and provide for multiple 
accumulators.  The accumulators provide locations in 
the Central Processing Unit (CPU) in which an operand 
can be temporarily stored, and then retrieved quickly 
when it is needed.  Data flow within the minicomputer 
is easier, and programming is much more convenient 
than in a single-accumulator machine. 
A commonly used definition of a computer's 
architecture is the relationship between major sub- 
systems.  An input/output bus is used to connect the 
pieces of a minicomputer.  Some minicomputers have 
two input/output buses, one for memory and one for 
the peripheral devices.  Others use one bus for both. 
The apparent advantage of putting the memory on the 
input/output bus is simplicity and modularity.  On 
the other hand, this allows any malfunctioning 
input/output device to tie up the entire system.  The 
advantage of using separate input/output and memory 
buses is that the critical, high-density memory and 
central processing unit traffic is assigned to its 
own set of optimized data paths, while the less 
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predictable input/output traffic is handled over a 
general purpose input/output bus. 
4.4.2  Instruction Set 
An instruction set can be simple or complex. 
A simple instruction set (micro-instructions) can be 
executed quickly, and occupy less than a single word. 
They make it possible to write very  economical, pre- 
cise programs.  However, they require accomplished 
programmers.  A complex instruction includes more 
than one function and uses more than one word.  These 
macro-instructions can be very  powerful in certain 
applications.  However, they require more memory than 
single instructions and take longer to execute. 
Between micro and macro there is a wide area called 
general-purpose instruction sets.  A general-purpose 
instruction fits into a single word (usually 16 bits) 
and contains a complete operation.  Word length, 
instruction execution time, addressing and indexing 
features, byte-handling capabilities, input/output 
instructions and macros, arithmetic precision, multiply 
and divide times, and ease of programming should be 
considered when evaluating an instruction set. 
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4.4.3 Speed 
Memory cycle time is the first item to look 
at, but not the most important.  Currently, memory 
cycle times range between .3 microseconds and 2 micro- 
seconds.  Next, look at the instruction set execution 
times.  On one minicomputer an ADD instruction may 
take one machine cycle; on another it could take more 
than one.  Finally, one can look at benchmark programs 
for applications similar to the one under considera- 
tion.  Compare the total execution time and the 
number of instructions required for each computer. 
To be useful, the benchmark should be at least 100 
instructions and designed for the application under 
consideration and not coded for a particular machine. 
4.4.4 Compati bi1ity 
Compatibility between existing computers and 
a new minicomputer should be considered if the computers 
will be connected together; data will be transferred 
between them or they must execute the same programs. 
4.4.5  Basic Configuration 
Between manufacturers, there is a marked 
difference in what hardware is obtainable in a "basic" 
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minicomputer configuration at an advertised price. 
A basic configuration should consist of a chassis, 
a central processor, a memory module, input/output 
facility, power supply, and an operator console with 
a complete set of status indicators and control 
swi tches. 
4.4.6  Software 
An evaluation of software is necessary in the 
purchase of minicomputers.  Some manufacturers offer 
high level languages such as BASIC, ALGOL, and 
FORTRAN.  These languages enable the programmer to 
solve problems using a number of simple statements 
closely resembling algebra.  Real-time systems usually 
require assembly language programs.  Manufacturers 
also offer, in varying degrees, loaders, text editors, 
debuggers, floating point, and compilers.  Some offer 
disc operating systems yielding input/output independ- 
ence, expanded file capability, and program control 
by cathode ray tube or Teletype console.  Manufacturers 
with large numbers of computers in use may additionally 
offer the advantages of user libraries with documenta- 
tion available for many special application areas. 
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Real-time operating systems are required for 
handling data transfers and interrupts, and to allocate 
and protect memory.  The operating system available 
from the manufacturer generally provides a framework 
upon which the user can build according to his specific 
needs.  An important feature of an operating system 
is Its diagnostic and debugging capabilities which 
improve machine utilization and reliability.  The 
operating system for all its advantages requires 
considerable storage space in addition to development 
costs or manufacturer's price.  The user must consider 
these tradeoffs in deciding whether to use an operating 
system. 
4.4.7  Peri pherals 
Teletypes, cathode ray tubes, high-speed 
punches and paper tape readers, disks, and magnetic 
tapes are commonly offered by most manufacturers. 
Some manufacturers offer analog-to-digital and digital- 
to-analog converters, plotters, printers, and data 
communications hardware. 
Interfacing of special peripherals, if per- 
formed as a service by the manufacturer, will be an 
additional cost.  The system designer should 
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comparison shop among some independent suppliers for 
this service as well as among manufacturers.  Most 
major manufacturers offer extensive literature and 
guidelines for doing the interfacing oneself.  Some 
manufacturers offer plug-in circuit boards with the 
general interfacing hardware on them.  In any case, 
special interfacing can be a major expense. 
4.4.8  Interfaci ng 
The minicomputer must be connected to user 
equipment and/or the required peripherals.  This 
usually requires both hardware and software.  If the 
minicomputer manufacturer has off-the-shelf interfaces, 
at reasonable prices, for the required devices, the 
problem is solved.  Or, if the peripheral manufacturer 
provides a standard interface, that may also solve 
the problem.  If the user must design and build the 
interface, the ease with which this can be accomplished 
must be considered. 
4.4.9  Priority Interrupt 
Priorities can be established using hardware 
interrupts or programmed interrupts.  Hardware inter 
rupts are usually faster, but are more complex to 
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implement, require more memory, and are less flexible 
than programmed interrupts.  Also, the number of pri- 
ority levels that are available varies from a single 
level to many levels. 
4.4.10 Field Service 
Most users do not have the in-house technician 
to do their own minicomputer repairs.  Field service 
contracts of several types are available, ranging 
from straight time and materials arrangements to 
24-hour on-site coverage.  Each user must establish 
his own requirements.  It is very important to estab- 
lish the time between when a failure is reported and 
when the service technician arrives. 
4.4.11  Documentation 
Being supplied with good documentation cannot 
be overemphasized.  Good documentation includes a 
complete set of system drawings, logic diagrams, and 
maintenance manuals.  A thorough set of diagnostic 
programs for both mainframes and peripherals is 
essential.  All software must be completely documented, 
Manuals should be provided for all programming lan- 
guages, task builds, loaders, subroutines, macros, and 
the operating system. 
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4.4.12 Tra i ni ng 
A minicomputer system should come with adequate 
factory training.  The minicomputer manufacturer should 
provide a complete curriculum of courses from elementary 
to sophisticated, so that whatever level of training is 
necessary can be obtained.  Typically, minicomputer 
manufacturers include with each machine a programming 
course and hardware course, each one man/week long. 
Additional courses can be purchased.  Usually the 
courses are held at the manufacturer's plant, and the 
customer pays his expenses. 
4.4.13 Instal1ation 
Usually the purchase price of the minicomputer 
includes setting up the system and giving it a complete 
operational check.  This type of installation can be 
very   beneficial and should be required even if it is 
an extra charge. 
4.4.14 Manufacturing Reliability 
When buying a minicomputer, the reliability of 
the manufacture must be considered.- The numbe/ of 
systems sold, adequate education., obtainable spare 
parts, available service, and hardware and software 
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reliability are all factors to consider.  If possible, 
a good practice is to talk with other users regarding 
their past experience with a manufacturer. 
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CHAPTER 5 
MANAGEMENT CONSIDERATIONS 
5.1 Introduction 
5.2 Management 
5.3 Engineering Design Approach 
5.4 Reports 
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5 . 1  I ntroducti on 
Information is an essential ingredient in 
decision making.  The need for improved data acquisi- 
tion in the area of machine shop operation has been 
made critical by the steady growth in size and 
complexity of organizations and new products.  A 
minicomputer based data acquisition system acquires 
information that can be studied, analyzed, organized, 
stored for future reference, summarized, and/or 
displayed.  It should be noted that information is 
substantially different from data in that data is raw 
information, and information is data organized into 
knowledge or intelligence.  One of the roles of 
management and engineers is to sift out the information 
found within the data, and even more important, to 
insure that the acquired data will in fact furnish 
the needed information.  Minicomputers offer an oppor- 
tunity, when properly utilized, to furnish the informa- 
tion which management and engineering need to make 
decisions. 
A good data acquisition system acquires data 
that can provide the user with all the information 
requested, but not more information than requested 
or with valueless information.  It is the engineer's 
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role to help provide management with all the information 
that is required for intelligent decisions.  It is man- 
agement's role to take an active part in the development 
of all data acquisition systems by conveying to the 
engineer management's exact needs for information. 
Naturally, the cost of developing exactly what manage- 
ment requires may, in some cases, be too high.  However, 
if management and engineering work together from the 
beginning, gives and takes can be worked out to provide 
an effective data acquisition system. 
5.2  Management 
As previously stated, a data acquisition system 
can provide management with information that is needed 
to make decisions.  However, management will still 
make the decisions.  To be responsive to the needs of 
management, data acquisition needs involvement on the 
part of that management.  Management must grasp the 
significance of a data acquisition operation and under- 
stand its use.  Often, the lack of management involve- 
ment can be directly traced to apprehension about the 
computer.  If the minicomputer system is viewed as an 
all-powerful device understandable only to computer 
specialists, then predictably the engineering personnel 
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will have difficulty convincing management of the 
system's merit.  However, today there is no need for 
anyone interested in computers to be mesmerized. 
There are many training programs available for manage- 
ment, engineering, and operating personnel.  Mini- 
computer vendors and most colleges of all types offer 
a variety of computer courses. 
A shop minicomputer data acquisition system 
will impose new requirements on management.  The 
principles of system design, implementation, control, 
software, hardware, and education must be understood. 
5.3  Engineering Design Approach 
In computer terminology, the person 
responsible for the design and implementation of a 
computer system is termed a systems analyst.  The 
systems analyst, given the task of designing a data 
acquisition system for a process step, can approach 
it from one of three directions:  (1) lay out the 
classical functions that should apply based on text- 
book knowledge; (2) study the functions performed 
and automate them; or (3) study the informational 
needs of the organization and the information avail- 
able, and build a system that brings the required 
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information to all functional groups.  The first 
method is weak because it ignores the individuality 
of each process step.  It is impossible to mold a 
shop function to exactly fit the generalizations of 
the textbook.  The second method is practical but 
weak because it tends simply to speed up the way 
data is currently acquired without reviewing if the 
data is really needed or if the appropriate data is 
being acquired.  The third method is the most fruit- 
ful.  It takes advantage of the fact that each process 
step is different and possibly different data is 
required.  The analyst determines what data should 
be acquired, how it should be acquired, and how the 
acquired data should be analyzed.  Reports should be 
consolidated and summarized. 
The result  of the analyst's study is a set 
of specifications for the minicomputer based data 
acquisition system describing exactly how the system 
will be built to meet the objectives established for 
it by management.  The specification includes system 
flow charts, data flow charts, software and hardware 
requirements, estimated costs, operator instructions, 
and an implementation schedule.  The completed speci- 
fication should now be thoroughly reviewed by manage- 
ment. 
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Upon management approval of the specification, 
the analyst should prepare a "Request for Quotation" 
as shown in Appendix E for the minicomputer system, 
and also make the necessary arrangements to purchase 
all associated interfacing hardware.  Upon receiving 
the vendors'  quotations, a minicomputer system must 
be chosen.  Chapter 4 reviews a selection procedure. 
A purchase order for the best minicomputer system 
should be placed as soon as possible.  If the cost of 
the chosen system exceeds the estimate that management 
approved, management will need to approve the higher 
cost. 
While the hardware is on order, the software 
can be designed and preliminary coding can be com- 
pleted.  When the hardware arrives, the minicomputer 
based data acquisition system is ready for implementa- 
tion.  For a given system, there can be any number of 
possible computer implementations.  They will differ 
according to the experience of the implementer and 
the requirements of management.  It is probable that 
the system will be implemented in stages.  As an 
example, the system described in Chapter 3 can be 
implemented in several ways: (1) the operator informa- 
tion section first, the machine tool data acquisition 
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section at a later date; (2) the machine tool data 
acquisition section first, the operator information 
last; or (3) both sections at the same time.  The 
main concerns of the implementer should be economy, 
reliability, responsiveness, and modularity.  The 
first is achieved by taking the least expensive solu- 
tion to each problem.  In the sense of "value 
engineering" it is uneconomical to provide more than 
is required by the specification.  This is doubly 
true in computer systems, since there is a high risk 
that anything added by the implementer as a frill 
may turn out to be a source of error when it inter- 
acts with the overall system. 
5.4  Reports 
A minicomputer based data acquisition system 
that is to be installed at a process step in a manu- 
facturing shop has two main functions: (1) to report 
to the machine operator or foreman out-of-control 
conditions; and (2) to acquire the necessary data for 
management reports that will be produced by the data 
analysis programs.  Out-of-control conditions must 
be reported at once to save product, machine tools, 
and operator time.  Effective out-of-control reporting 
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is one of the best methods of getting the most out 
of any production equipment.  Such reports tell when 
temperature, strain, humidity, air flow, speed, 
voltage level, etc., vary above or below a range 
defined by the engineer. 
Management reports are generated from the data 
acquired at the process step.  Such reports go to the 
foreman, the engineer, middle management, and possibly 
top management.  Each level of management is interested 
in basically different information.  There is overlap, 
of course, but each needs only the information required 
to do his job effectively.  Top management decides upon 
objectives of the corporation, basic operating policies, 
levels of effort which are to be expended on various 
portions of the activities, selection of products and 
the date of their introduction to the market, selec- 
tions of markets, and other such decisions, including 
legal questions.  Information needed at this level 
has to be in summary form for the entire plant.  Pro- 
duction reports produced for top management do not 
show individual machine production, but summaries for 
each department showing production and how well shipping 
schedules are met.  Knowing total plant capacity for 
every type of product is very important.  Middle 
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management decides upon specific plans for accomplishment 
of concrete objectives handed down from the top level. 
Such items as plans for the fabrication, assembly, and 
shipment of a device from a machine shop are responsi- 
bilities of middle management.  Middle management needs 
detailed information about machine and department 
capacities.  They need to know the cost of producing 
each product and the effect of product mix on plant 
production.  The engineer is considered the first level 
of management.  He is usually the one required to ob- 
tain the information that the other levels of manage- 
ment need.  Engineering is concerned about the details 
of every production step.  The more detailed informa- 
tion that is available, the better chance the engineer 
has of improving production and thus reducing costs. 
In the minicomputer based data acquisition system 
detailed in this thesis, the engineer is most interested 
in the thermocouple and strain gage data.  This data, 
when analyzed, may show ways of increasing production, 
reducing tooling costs, etc.  The engineer is also very 
much interested in the operator data which, when 
analyzed, will show what the machine and operator were 
doing.  Such questions as: (1)  Of the 8,760 total 
hours in a year, how nlany of these are allocated to 
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productive effort, and how many are allocated to 
nonproductive effort? (2) Of the 2,000 hours in a 
shift year, how shall an operator's pay be allocated? 
(3) How shall the labor cost of the product be 
determined? and (4) What is a tool's expected life? 
will be asked.  The engineer needs to know the answers 
to these and similar questions in order to answer 
middle and top management's questions.  The foreman 
is interested in production and operator efficiency. 
The operator and machine information is important to 
him for scheduling his production line and pinpointing 
possible machine or operator problems.  However, his 
most important information tools are the out-of-control 
reports.  These reports help cut production and tool 
losses to the minimum. 
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CHAPTER 6 
SENSORS FOR DATA INPUT 
6.1 Introduction 
6.2 Analog Transducers 
6.3 Front End Functions 
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6 . 1  Introduction 
In any measurement system, stimuli such as 
temperature, pressure, displacement, or acceleration, 
must first be changed into a form that can be handled. 
The usual conversion is to an electrical analog of 
the parameter to enable economical and facile handling 
of the information.  For example, a mercury thermom- 
eter produces an analog of temperature that can be 
handled visually, but a thermistor or thermocouple is 
required to produce an electrical analog of the same 
parameter.  The devices that perform these qualitative 
changes are called sensors or transducers.  The para- 
meters being sensed are called measurands.  There are 
hundreds of ways to transduce measurand information. 
But most of the sensors being used today may be classi 
fied into a few general types: variable impedance 
devices, thermoelectric devices, crystals, and gages. 
Here are the most prominent, along with their salient 
character!" sties. 
6.2  Analog Transducers 
6.2.1  Thermocouples 
Thermocouples consist of a jun.ction of two 
dissimilar metals in a unit to measure temperature 
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The electrical current generated by thermoelectric 
effect created at this junction varies with tempera- 
ture and may be measured.  Wires made of the thermo- 
couple metals (protected from corrosion or oxidation 
by a metal or ceramic cover) are connected to form 
the measuring junction at one end and are attached 
to standard copper wires at a reference junction. 
The thermocouple generates a voltage which is depend- 
ent on the difference in temperature between the 
measuring junction and the reference junctions.  The 
reference junctions, therefore, must either be main- 
tained at a known, controlled temperature, or must 
have their temperature independently measured to 
provide a reference for establishing the thermocouple 
output.  Figure 6.2 illustrates a thermocouple system. 
Thermocouple output voltages are always quite low, 
and may range from fractions of a millivolt to several 
millivolts full scale.  The internal resistance of a 
thermocouple is also low, typically of the order of 
10-20 ohms.  They require no power supply, and one of 
the copper signal leads may be connected to a common 
signal ground, giving an unbalanced or single-ended 
input to the signal-conditioning equipment. 
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Numerous combinations of dissimilar metals 
are used as thermocouples.  Some of these combinations 
have become relatively standard and widely accepted 
for a large segment of industrial temperature measure- 
ments.  A specific combination is generally referred 
to as a type.  Most of the common types have American 
National Standards Institute (ANSI) letter codes.* 
These letter codes were originally established by the 
Instrument Society of America.    Each type of thermo- 
couple has a recommended temperature range.  The 
recommended temperature range is that for which limits 
of error are established.  Table 6.2.1 shows the 
most common types of thermocouples and their tempera- 
ture range. 
Thermocouples may be used for an extremely 
broad temperature range (up to about 4000°F) and are 
excellent for point sensing.  Unfortunately, their 
accuracy is limited by low-level outputs (millivolts), 
the need for a supporting temperature measurement 
(reference junction), and susceptibility to environ- 
mental effects such as corrosion and vibration. 
Extension leadwire extends the junction of 
the thermocouple to the instrument at a low cost when 
long thermocouple lengths are required.  The extension 
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LZM 
c 
E 
G 
J 
Wire Combination 
Tungsten, 5* Rhenium- 
Tungsten, 26* Rhenium 
Chromel-Constantan 
Tungsten-Tungsten, 
26% Rhenium 
Iron-Constantan 
Chromel-Alumel 
Platinum, 13% Rhodium 
PIatinum 
Platinum, 10% Rhodium- 
Platinum 
Temperature 
Range 
0 to 4200°F 
(0 to 2320°C) 
-290 to 1600°F 
(-190 to 880°C) 
0 to 4200°F 
(0 to 2320°C) 
0 to 1400°F 
(0 to 760°C) 
0 to 2300°F 
(0 to 1260°C) 
1000 to 2700°F 
(500 to 1500°C) 
1000 to 2700°F 
(500 to 1500°C) 
TABLE 6.2.1 Thermocouple Types 
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wire 1s nominally of the same composition as the 
thermocouple grade material.  However, extension 
wire costs less than thermocouple grade wire because 
manufacturing control does not have to be at the 
same degree as for thermocouple grade wire.  There 
1s a limitation on the maximum temperature to which 
the junction of extension wire and thermocouple 
wire should be exposed.  For the thermocouples in 
Table 6.2.1, the maximum junction temperature is 
400 degrees F (204 degrees C).*   Thermocouple exten- 
sion wires should be installed in conduit whenever 
possible, and the conduit should be well grounded. 
Never run other electrical wires in the same conduit 
with extension wires.  Keep the extension wires at 
least a foot away from any a-c line. 
In the normal usage of a thermocouple, the 
thermoelements must be protected from various environ- 
ments that are detrimental to the materials comprising 
them.  Numerous materials are available for the pro- 
tection of a thermocouple.  Stainless steel is a very 
good oxidation and corrosion resistant in a wide 
range of industrial environments.  For environments 
that only require mechanical protection, standard 
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materials that will stand up to the necessary 
temperatures can be used.  Thermocouple assemblies 
provided with various types and designs of protection 
tubes are available from most thermocouple manufac- 
turers . 
Electrical insulation is as important as 
environmental protection.  Electrical insulation is 
accomplished by various dielectric materials such 
as varnish, plastic, inorganic fibers, and ceramic. 
The plastic type insulations provide protection to 
the thermoelements from moisture or fluid contamina- 
tion.  They have relatively lower temperature applica- 
tions compared to the inorganic fibers types.  The 
inorganic fibers types of insulation often are 
furnished with moisture proofing impregnations which 
are burned off with exposure above 400 to 500 degrees 
Fahrenheit. *  Hard fired ceramic insulators are 
used for high temperatures.  If degredation of the 
wire insulation takes place to the degree that elec- 
trical contact between the two thermoelements takes 
place at a point other than the measuring junction, 
the signal produced by the thermocouple will be one 
based on the temperature difference between the refer- 
ence junction and the new junction which is a secondary 
j uncti on. 
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As previously reviewed, a thermocouple consists 
of two wires of different composition that are joined 
together at two junctions which have different tempera- 
tures.  Refer to Figure 6.2.  One of the junctions is 
the reference junction.  The reference junction is 
also often called the "cold" junction.  The temperature 
of the reference junction is held constant, or its 
variation is electrically compensated for in the 
associated measuring instrumentation.  The second 
junction is the measuring junction, or sometimes 
called the "hot" junction.  The measuring junction is 
often at an unknown temperature requiring measurement, 
or at a temperature at which control is required.  A 
thermocouple produces a measurable electrical signal 
that is a function of the difference in temperature 
between the measuring and reference junctions.  This 
electrical signal depends on the type of thermocouple 
used.  Different types^of thermocouples may produce 
a different value of electrical signal for the same 
temperature readings.    Conversion tables for all 
the standard thermocouple types are readily available. 
The United States Department of Commerce prints a 
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"Reference Tables for Thermocouples".   These tables 
convert the millivolt reading produced by a thermocouple 
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to both degrees Celsius and degrees Fahrenheit, and 
also convert degrees Celsius and degrees Fahrenheit 
to the expected millivolt value.  The reference 
junction is expected to be at zero degrees Celsius 
(32 degrees Fahrenheit). 
If a millivolt reading is taken from a thermo- 
couple having its reference junction at other than 
0°C (32°F), the millivolt reading must be corrected 
to the value the thermocouple would have had if its 
reference junction had been at 0°C (32°F).  The 
following example demonstrates the correction procedure 
Example: 
A type J (Iron-Constantan) thermocouple 
is being used to measure a temperature. 
An output of 12.124 millivolts is observed 
and the reference junction is at a room 
temperature of 70°F.  To correctly use 
the conversion table, the observed voltage 
must be corrected by adding algebraically 
the output that would be generated by a 
thermocouple with its junction measuring 
70°F and its reference junction at 32°F. 
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Observed read i ng : 
Correc ti on for a 
reference junction 
at 70:F 
Corrected output: 
12.12 mV 
1.10 mV 
13.22 mV = 471°F 
The above discussion and example shows how to 
correctly convert a thermocouple reading to degrees 
Fahrenheit.  The same logic is applied for Celsius 
14 
conversion and the Celsius conversion table  is used. 
The designer of a minicomputer based data 
acquisition system, such as discussed in this thesis, 
must consider how to read thermocouples and then use 
the minicomputer to convert the millivolt reading to 
degrees.  When using a digital minicomputer, analog 
readings must first be converted to a digital value. 
This is done through an analog-to-digital converter. 
The converter, when instructed by the minicomputer, 
will read the millivolt value produced by the thermo- 
couple, convert it to a digital value, and make the 
digital value available to the minicomputer.  The 
digitized thermocouple reading must be evaluated, as 
in the above example, to make any required adjustments 
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to the reading value.  There are three common methods 
to insure that the minicomputer accurately reads and 
interprets the thermocouple readings.  One method 
that is often used is to install a circuit known as 
a "Compensating Network".  The input of this "Compen- 
sating Network" is the extension wire as shown in 
Figure 6.2.  The output of the "Compensating Network" 
then is connected to the instrument or minicomputer 
system.  The "Compensating Network" does the job of 
compensating for a 0°C (32 ° F) reference junction. 
Therefore, the thermocouple conversion tables can be 
used as they are printed.  The second method is to 
use the minicomputer thermocouple input connection 
as the reference junction without any "Reference 
Junction" device.  With this method, the value of 
the thermocouple has to be compensated as shown in 
the example.  Compensation can be done in two different 
ways.  First, a value can be added to every reading 
just like the example.  This method is valid if the 
temperature of the reference junction is always known 
and does not vary.  Second, an extra thermocouple 
can be located near the reference junction and its 
temperature value can be read by the minicomputer 
system and used to determine the compensation needed 
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for the other thermocouples.  A third method that has 
been   used very successfully by the author is using 
either method one, or method two, without the extra 
reference thermocouple, and connecting the system. 
The thermocouple is then set to a fixed temperature 
near the temperature it is expected to read.  A 
pyrometer or other very accurate device is used to 
set the temperature value.  Next the minicomputer 
system reads the millivolt value.  That value is 
then referenced to the known temperature.  A complete 
table can be constructed by presetting the thermo- 
couple temperatures and taking readings through the 
range of temperatures needed. 
A temperature conversion table can be constructed 
in at least two ways depending on the need for accuracy. 
If a temperature is to be kept within a degree or two, 
a high and low limit can be set for each thermocouple 
in the system.  For example, this technique works very 
well in furnace control.  However, conversion accuracy 
is lost if the temperature varies more than a few 
degrees.  If a table is to cover a range of tempera- 
tures, say several hundred degrees, the table can 
consist of a reference point for every   ten degrees. 
A reading can be determined to be between a pair of 
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reference points.  For example, if a type J (Iron- 
Constantan) thermocouple is assumed, using three 
millivolts per degree Fahrenheit for interpolation, 
the conversion from millivolts to degrees Fahrenheit 
can be accomplished with one degree accuracy within 
the table range.  This second table technique is used 
in the minicomputer program associated with this 
thesis. 
There is a slight reading variation between 
each thermocouple even of the same type.  It is set 
up to the user's need for accuracy as to whether one 
table can be used for several different thermocouple 
inputs or if a separate table needs to be constructed 
for each thermocouple input.  Thermocouples can be 
matched by setting a fixed range of temperatures and 
taking readings from many different thermocouples 
until a group of very  similar thermocouples is deter- 
mined.  This group is then used for the system 
thermocouples and makes it easier to use one table. 
6.2.2  Strain Gages 
Strain gages are common transducer elements; 
one advantage is small size.  The gages operate on 
the principle of a mechanical distortion producing a 
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changing resistance.  Many gages used today are 
constructed of thin-film or semiconductor materials. 
Distortion is typically along their length and/or 
their cross-sectional area, and results in a resist- 
ance change.  Strain gages may be excited by ac or dc 
sources, and may be used for both static or dynamic 
measurements.  They are commonly used in a four-leg 
bridge, and are relatively insensitive to temperature, 
shock, and vibration effects. 
With the ever-present penchant for size 
reduction, thin film resistor gages are coming into 
their own.  The thin-film device performs much like 
a bonded wire gage, except that external temperature 
compensation is not required because their fabrication 
optimizes thermal paths and reduces temperature 
gradients.  Semiconductor strain gages similar to the 
thin-film types are also commercially available. 
They provide high outputs (measured in volts) and 
high gage factors (200 and higher).  Refer to Figure 
6.1. 
6.2.3  Potentiometers 
Potentiometer sensors are conventionally used 
to measure the displacement of a valve or other 
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•nechanical element i n a system.  They consist of a 
straight or coiled resistance wire witn a sliding 
contact mechanically connected to the moving element. 
The sliding contact may, for example, be physically 
connected to the moving diaphragm or coiled pressure 
tube in a pressure gage.  The potentiometer resistance 
wire is connected to a power supply, as shown in 
Figure 6.3.  Since the full-scale output voltage is 
the full power supply voltage, the potentiometer 
output is limited only by the voltage and current 
rating of the resistance wire.  The output signal 1s, 
therefore, high level, of the order of five or ten 
volts full scale.  One side of the signal output 
circuit is common with the power supply and connected 
to signal ground, thus giving an unbalanced or single- 
ended output. 
6.2.4  Resistance Thermometers and Thermistors 
Resistance thermometers and thermistors are 
additional temperature-measuring devices which depend 
on a change of resistance of the sensor element to 
generate a signal which is a measure of the sensor 
temperature.  Resistance thermometers have a resistance 
element made of a material such as platinum which has 
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a high temperature coefficient of resistance and 
which maintains a stable resistance over a long period 
of time.  A resistance thermometer requires a power 
supply and is normally connected in a bridge circuit 
similar to a strain gage.  Resistance thermometer 
outputs are low level, in the order of a few milli- 
volts, and are generally balanced with respect to 
signal ground.  They are often used to measure very 
low temperatures, such as those of cryogenic rocket 
fuels, where thermocouples are not completely satis- 
factory. 
Thermistors are semiconductor resistance 
elements made of iron oxide and other metallic oxides. 
They have a high negative temperature coefficient of 
resistance and a variation of resistance with tempera- 
ture which is exponential rather than linear.  They 
are more sensitive to small temperature changes than 
either thermocouples or resistance thermometers, but 
are less stable and less accurate.  They are commonly 
used where yery   small temperature changes must be 
measured without a great deal of precision.  They 
require a power supply and may be connected in circuits 
of either a balanced or unbalanced output.  Output 
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signals up to several nundred millivolts n&y   be 
obtained for reasonably large temperature changes. 
6.2.5  Analog Flcwmeters 
Analog flowmeters have an impeller or turbine- 
type rotor mounted inside the fluid channel whose 
flow must be measured.  The rotor has magnetic vanes 
and a magnetic pickup outside the channel to generate 
an AC voltage with a frequency proportional to the 
flow rate in the channel.  A frequency-to-DC converter 
is then used to provide an analog voltage which is a 
measure of the fluid flow rate.  Standard commercial 
frequency-to-DC converters can handle flowmeter fre- 
quencies up to 5,000 cps and have full scale output 
voltage of five volts.  In some applications the 
flowmeter frequency is measured by counting cycles 
directly for a measured time interval, and the count 
is entered into the data acquisition system in digital 
form.  Refer to 6.3.5, "Anal og-to-Digital Converter". 
6.2.6  Piezoelectric Crystals 
In crystals, a piezoelectric effect is produced 
when solid crystalline dielectrics (such as barium 
titanate, Rochelle salt, or quartz) are deformed.  The 
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deformation of the crystal lattice causes a relative 
displacement of the positive and negative charges 
within the lattice.  This internal charge displacement 
produces an external charge, which can be measured 
by applying electrodes to opposite surfaces of the 
crystal and measuring the potential difference between 
them.  Piezoelectric transducers are small, have a 
high output and a good high frequency response.  But 
they lack a DC response, are very sensitive to temp- 
erature and humidity, and require a very high impedance 
monitor system.  Refer to Figure 6.4. 
6.3  Front End Functions 
The term "front end" is commonly used to 
describe the component functions of a data acquisition 
system for acceptance of the signals from the analog 
transducers as input into the central processing unit. 
The functions of the front end may include any or all 
of the following items. 
6.3.1  Termination and Calibration 
All analog transducers require some form of 
termination equipment, if only a set of terminals to 
which to connect the transducer leads.  Most transducer 
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channels will also require calibration equipment which 
checks the accuracy and linearity of the signal- 
conditioning, multiplexing and conversion equipment 
required for getting the transducer reading into the 
minicomputer.  Calibration is required to correct 
for component and circuit changes caused by tempera- 
ture variation and long-term aging.  Two types of 
calibration circuits are generally used.  For voltage 
calibration, the transducer is traditionally dis- 
connected from the system, and precisely controlled 
voltages corresponding to those which would be 
received from the transducer are switched on to the 
transducer channel.  A single voltage corresponding 
to the full-scale transducer output may be used for 
single-point calibration, or a number of voltage 
steps corresponding to percentages of full-scale 
output may be used for a more complete calibration. 
For strain gages and other resistance-type trans- 
duders, a calibration method known as R-Cal is tradi- 
tionally used.  In this method, the transducer remains 
connected to the system.  Its resistance element is 
shunted with one or more fixed, precision calibration 
resistors which change the overall circuit resistance 
in precisely the same way that the transducer resist- 
ance changes over its full range. 
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Termination and calibration equipment for strain 
•5ages may include, in addition to the S-Cal System 
described, bridge completion resistors, a bridge balance 
or zeroing adjustment, and zero-offset capability.  In 
some cases the strain gage power supplies may be 
included as part of the termination equipment.  Bridge 
completion resistors are fixed, precision resistors 
which are required to complete the strain gage bridge 
circuit, if it is not already completed at the trans- 
ducer.  The bridge balance or zeroing adjustment is 
necessary to compensate for small changes in the strain 
gage element or bridge resistors caused by temperature 
or aging effects.  It allows the strain gage signal 
output to be balanced at exactly zero net volts with 
no pressure or force on the gage.  The zero-offset 
capability may be provided by the zeroing adjustment 
or it may be a separate control.  This capability 
allows the output of the strain gage circuit to be set 
at zero volts with some pressure or force other than 
zero on the gage.  Zero offset may be achieved by 
deliberately unbalancing the gage output or by adding 
a separate offset voltage equal to the normal gage 
output at the desired zero point.  Zero-offset capa- 
bility may be required for thermocouples and other 
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analog transducers as well as strain gages. Zefer   to 
Figure 6.1.  Termination equipment for thermocouples 
includes reference junctions and a reference junction 
temperature transducer.  A resistance thermometer, for 
example, may be used to measure reference junction 
temperature.  Readings of thermocouple voltage, 
resistance thermometer output voltage, and the resist- 
ance thermometer power supply voltage are all entered 
into the central processing unit, where the temperature 
measured by the thermocouple is calculated from these 
readings.  Calibration of thermocouple channels is 
generally accomplished by the voltage calibration 
technique. 
6.3.2  Signal Conditioning 
Signal-conditioning equipment includes the 
amplifiers and filters necessary to raise the trans- 
ducer signals to the levels required for switching 
by the multiplexor, and to filter out unnecessary 
frequency components or noise from these signals. 
In most data acquisition systems, there are 
additional voltages on the transducer lines caused by 
electromagnetic pickup and the impossibility of 
providing zero potential remote ground points.  These 
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voltages have equal polarity and equal magnitudes on 
the two lines from a single transducer and, therefore, 
tend to cancel out in a balanced input amplifier. 
They are called "common mode" voltages.  Any slight 
unbalance in the amplifier causes some of the common 
mode voltage to appear as signal voltage, and therefore 
degrade the accuracy of the system.  The ability of 
the balanced input amplifier to discriminate between 
common mode and signal voltage is called the common 
mode rejection ratio.  The common mode rejection ratio 
is usually a function of the amount of resistance 
unbalance in the input circuit to the amplifier as well 
as the frequency of the input signal.  Refer to Fig- 
ure 6.5. 
Filters are used in most transducer channels to 
limit the frequency bandpass of the channel.  They cut 
down noise and unwanted extraneous pickup.  Frequencies 
in the transducer signal which are an appreciable 
fraction of the channel sampling frequency will tend to 
produce errors in the multiplexor output.  For this 
reason, the channel filter cutoff points are normally 
set at some frequency well below the channel sampling 
rate. 
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Many problems can be eliminated by a separate 
ground for AC power, DC power, input signal, shielding, 
and output.  All grounds should then be connected to 
only one common point in the system.  If more than one 
common point is used, the difference in ground poten- 
tials between them will introduce large, hard-to-trace 
errors.  Power and signal grounds in each piece of 
equipment should be kept electrically isolated.  Signals 
should all be transmitted through shielded twisted 
pairs.  The shielding must be grounded at one point in 
the system, but only at one point and never to the 
signal conditioner. 
The complete process of implementing the sensors 
and signal conditioning in a measurement system can 
now be summarized: 
a. Detail measurement requirements. 
b. Select measurement system hardware. 
c. Document system configuration. 
d. Engineering support of sensor installation. 
e. Functional tests of the installed system. 
6.3.3  Multiplexor 
The multiplexor is basically a set of fast 
switches or gates which sample each of the input 
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transducer channels in a fixed or random order and 
allow then to time-share a single channel such as 
the analog-to-digital converter.  Important charac- 
teristics of multiplexors are the sampling or switching 
rate, input signal voltage levels, number of channels, 
sequencing method, noise level, and presence of cross- 
talk.  Multiplexors using mechanical (relay) switches 
can achieve sampling rates up to a few hundred samples 
per minute.  They may be adequate for many activities 
where transducer signals change relatively slowly. 
Mechanical multiplexors have the advantages that they 
are inexpensive and reliable, and can be used to 
sample low-level signals without prior amplification. 
Higher sampling rates are obtained by using 
solid-state (transistor) switches.  At the present 
state of the art, precision multiplexors have maximum 
rates of 50,000 samples per second.  The maximum 
sampling rate of the multiplexor in a complete system 
is normally limited by the conversion time of the 
analog-to-digital converter. 
Multiplexors may be designed to be modularly 
expandable to handle some small number of channels 
up to a maximum of several hundred.  The total number 
of channels possible depends on the capacity of the 
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sequencing system and the switching circuit speeds. 
Two types of sequencing systems are i rr general use. 
The first uses a stepping switch having a number of 
positions equal to the total number of samples taken 
in one complete sequence for stepping sequentially 
through all of the channels.  A patchboard is generally 
used between the sequencer and the multiplexor so 
that any multiplexor channel can be tied to any posi- 
tion or positions of the sequencer.  This allows the 
channels to be sequenced in any order.  The second 
type of sequencing system employed by multiplexors 
in modern, large-scale systems generally uses an 
addressing scheme for channel sequencing.  An address 
decoder is incorporated with the multiplexor to enable 
it to decode a binary input address and open the 
channel gate corresponding to the address.  Because 
any channel may be addressed at any time, this feature 
is called random sequencing.  In computer-controlled 
systems the multiplexor may be addressed by the 
central processing unit.  The sequence of channels to 
be addressed is contained in a table of addresses in 
its memory.  The total number of channels which may 
be addressed (the channel capacity of the multiplexor) 
is dependent on the number of bits in the address word. 
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6.3.4  Sarple and Hold Amplifier 
To allow overlap of multiplexing and conversion 
and to prevent system errors which may result frotr. 
changes in the input signal during the conversion 
cycle, a sample-and-hold amplifier is normally used 
between the multiplexor and the analog-to-digital 
converter.  This amplifier samples each analog input 
signal from the multiplexor for a very short period 
of time (generally about one microsecond), then holds a 
constant output value equal to the value of the input 
signal for the conversion process. 
6.3.5  Analog-to-Digital Converter 
The analog-to-digital converter receives the 
high-level analog signals from the multiplexor and 
converts them to a digital format acceptable by the 
central processing unit.  Important characteristics 
of analog-to-digital converters are the conversion 
rate, resolution, output format, accuracy, stability, 
and linearity.  The maximum conversion rates of 
present high-resolution analog-to-digital converters 
range up to 50,000 conversions per second.  Lower 
resolution units may operate as high as 500,000 convex 
sions per second.  Resolution is used here to mean the 
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least count present in the digital output.  The 
highest-resolution converters currently available 
have resolutions of approximately one part in 16,000. 
Medium-resolution converters are commonly used in 
systems where maximum accuracy is not required. 
These converters have resolutions of the order of 
one part in 4,000.  Commonly encountered lower- 
resolution converters have a resolution of one part 
in 1,000. 
Converter output formats are either binary 
or binary coded decimal (BCD).  Binary analog-to- 
digital converters have outputs in 14, 12, or 10 
bits (plus a sign bit) according to the high, medium, 
and low resolutions described above.  Binary coded 
decimal output is in standard four-bit (8, 4, 2, 1) 
numeric characters.  Both binary and binary coded 
decimal converters normally provide a parity indica- 
tion.  In binary converters, parity is assigned on 
a per-word basis, whereas for binary coded decimal 
converters, it is assigned on a per-character basis. 
The simplest and least expensive analog-to- 
digital converter available is the mechanical rotating 
shaft converter, which is limited in use by its low 
conversion speeds of two to ten conversions per 
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second.  Another method in use is the ramp or sawtooth 
analog-to-digital converter in the intermediate-speed 
range, which converts data at the rate of 100 to 1,000 
samples per second.  The operation of a ramp-type 
converter (Figure 6.7) is initiated by means of a gate 
pulse applied to the ramp generator.  The ramp generator 
produces a triangular waveshape which does two things. 
First, as the rising waveshape becomes equal to or 
greater than the zero reference signal applied to com- 
parator number one, a pulse is produced which sets a 
trigger in the control unit; second, when the waveshape 
becomes equal to or greater than the analog voltage 
input applied to comparator number two, a pulse is 
generated to reset the trigger in the control unit. 
The result of this operation is a control unit-produced 
pulse of a duration proportional to the amplitude of 
the input signal.  This control pulse then gates an 
oscillator which feeds a digital counter.  The output 
of this counter is a digital representation propor- 
tional to the analog input signal.  When the ramp 
voltage reaches its maximum value, the trailing edge 
of the ramp signal is used to generate a reset pulse 
which gates the counter reading to an output register 
and resets the counter to zero. 
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The operation of a staircase converter (Figure 
6,5} is similar to that of the ramp converter, except 
that the staircase reference voltage is discrete rather 
than continuous.  The operation begins with a start 
pulse to a gate that controls an oscillator which in 
turn feeds pulses to a digital counter containing an 
initial value of zero.  The counter then feeds a 
digital-to-analog converter containing a summing net- 
work which encodes the counter output into a voltage 
output called a staircase.  This staircase voltage 
increases discretely as the counter increases.  The 
output of the digital-to-analog converter feeds a 
comparator until the reference value is equal to the 
input, at which time the comparator generates a stop 
pulse to the gate, turning off the oscillator.  The 
contents of the digital register are now proportional 
to the input analog signal.  The stop pulse generated 
by the comparator also steps the counter results to 
an output register and resets the counter to zero. 
The analog-to-digital converters in wide 
application in high-speed data acquisition systems 
are the successive approximation type which operate 
at conversion speeds up to 100,000 samples per second 
with a resolution of 14 binary bits and with an 
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accuracy of .01 «.  In the operation of a successive 
approximation converter (Figure 6.9), the oscillator 
and gate shown in the staircase converter are replaced 
by a control unit and the operation involves a feed- 
back reference voltage.  The operation begins with a 
start pulse to the control unit, which contains a 
timing control unit and level setting triggers.  The 
level triggers are set in such a manner that their 
output to the digital-to-analog converter results in 
a value of voltage equal to one-half the maximum 
permissible value of the input analog signal.  The 
comparator then makes a decision as to whether the 
input analog signal is greater or less than the digital- 
to-analog converter reference voltage.  The state of 
the level setting triggers on the control unit is then 
modified accordingly.  For example, if the reference 
signal is too large, it is discarded and a quarter- 
scale reference voltage is tried.  The process then 
continues until the reference voltage in the comparator 
is equal to the input analog signal, at which time the 
level setting triggers reflect the amplitude of the 
input signal.  The results are then stepped to an out- 
put register.  Since these approximations are performed 
serially, the analog-to-digital conversion process is 
generally the limiting factor in the overall data acqui- 
sition rate. 
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CHAPTER 7 
DATA REDUCTION AND STATISTICAL ANALYSIS 
7.1 Data Reduction 
7.2 Statistical Analysis 
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7.1  Data Reduction 
This thesis is concerned with the acquisition 
of data from thermocouples and strain gages located 
on a machine tool in a machine shop.  A large volume 
of data can be generated from these devices.  For 
example, if two thermocouples and two strain gages 
are located on the machine tool and a reading is taken 
from each device every second, 14,400 data readings 
will be generated per hour.  Including the timing and 
identification information that is required, over 
2400 feet of paper tape would be generated in one hour 
This amount of paper tape is not reasonable.  At this 
point a decision has to be made; use a different data 
output device such as magnetic tape, or find a way to 
reduce the volume of data. 
In this case, it was decided to reduce the 
volume of data for two reasons.  First, the majority 
of minicomputer systems already have paper tape 
punching equipment included in the standard system. 
Therefore, the additional expense of a magnetic tape 
does not have to be incurred.  Second, the target 
system that will execute this data acquisition system 
has paper tape, but no magnetic tape.  Paper tape, 
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even with its drawbacks of not being able to record 
large amounts of data easily and its susceptabi1ity 
to physical damage, still is one of the most universal 
methods of passing data between different computers. 
Many magnetic tapes and most cassettes are not readily 
compatible between different computer systems.  There- 
fore, in order to record data on these devices so that 
the data can be analyzed on another computer, the 
computer that is to be used for the analysis must be 
known.  Since the intent of this data acquisition 
system is that it can be installed in any existing 
machine shop, paper tape is a good answer. 
The second reason is the cost factor.  The more 
data that has to be analyzed, the more the analysis 
will cost.  By reducing the number of data records to 
only the number necessary for effective analysis, the 
least cost will be incurred and the overall operation 
will be more efficient.  Reducing data to a concise, 
effective, and more usable form is called summarizing 
or data reduction.  In order to reduce the amount of 
data generated from this data acquisition system, it 
was decided to use the minicomputer to summarize the 
data received from the thermocouples and strain gages. 
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Using the premise that for many of these input devices 
there will normally be a very   small change between 
readings, the minicomputer compares the current reading 
with the previous reading and if they are within a 
user set tolerance, a counter is incremented but no 
output record is produced.  If the comparison deter- 
mines that the records are out of tolerance, the counter 
and summarized previous readings are outputted with 
proper identification as shown in Chapter 3.  If every 
reading is out of tolerance when compared to the 
previous reading, every reading will be outputted and 
no summarizing will occur.  If the premise is correct, 
the data readings will be summarized and then outputted. 
In either case no data will be lost and all data 
accuracy will be within acceptable user set tolerances. 
In addition to the data generated by the machine 
tool, there will be data generated by the operator. 
Operator generated data will consist of identification 
information about the product in the machine such as 
part number, type of material, start time, and stop 
time, and information about operator activity as out- 
lined in Appendix A.  The volume of operator data will 
be low, so no attempt will be made to summarize this 
type of data. 
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7
•2  Statistical Analys i s 
The increasing need for information about each 
processing step in manufacturing a finished product 
has necessitated the need for the acquisition of sub- 
stantial quantities of data.  The main objective of 
this thesis is to develop a viable data acquisition 
system which can monitor any machine shop process 
step.  As shown in Section 7.1, such a system can 
generate large amounts of data.  These data are valu- 
able only when they can be assimilated, analyzed, and 
presented in a usable form.  The quantitative methods 
of statistics are needed to both clarify and to solve 
problems.  The data produced from a machine shop will 
need to be analyzed to provide management with both 
operator utilization reports and machining process 
time reports, and engineering with information about 
feed and speed. 
It is beyond the scope of this thesis to develop 
data analization reports.  However, management consid- 
erations are reviewed in Chapter 5, and the rest of 
this chapter will review the most common statistical 
techniques such as correlation, regression, time series 
analysis, and analysis of variance. 
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7.2.1 Correlation 
Correlation analysis measures the strength of 
relationship between two or more variables.  From 
repeated measurements on a number of variables, 
correlation analysis measures the strength of associa- 
tion between every pair of variables.  Degree of 
association runs from +1.0 (perfect), down through 
0.0 (no correlation), to -1.0 (perfect inverse asso- 
ciation).  Many varieties of correlation measures 
exist. 
7.2.2 Regressi on 
Regression analysis computes prediction formulas 
from data.  Starting with data on several variables 
and an idea of the general formula connecting the 
variables, regression analysis finds the specific 
numerical formula relating the variables.  Statements 
can usually be made about how confident one is in the 
formula and in predictions using it.  Two other 
advantages are understanding the nature of a process 
and prediction of future events. 
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7.2.3 Time Series 
Time series methods analyze, compare, and 
predict quantities which change in time.  With measure- 
ments over time on one or several quantities, time 
series techniques (1) smooth the quantity (weighted 
averages; (2) extract important trend-cycle ingre- 
dients; (3) discover pure cyclic ingredients (harmonic 
analysis); or (4) compare pairs of series (cross- 
correlation).  Prediction is a major objective. 
7.2.4 Analysis of Variance 
Analysis of variance is used to determine the 
significance of differences among classed or grouped 
data, such as the differences caused by variation in 
the process for preparing a product.  This represents 
a test for the existence of cause and effect. 
These statistical tools are not the only ones 
available for data analysis.  The statistician may 
use these or select from many others that are available 
in order to perform an analysis that will produce the 
required results. 
If after initial installation and operation 
the data acquisition system is determined to be a 
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viable tool for both management and engineering, 
the user may wish to invest the time and money in 
the development of an analysis system developed to 
fit the user's specific goals.  Such a system may 
use some or all of the above analysis techniques 
combined in such a way as to report the exact 
information management and engineering need in 
concise reports that do not need to be interpreted 
by statisticians.  Reports are discussed in Chapter 5 
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CHAPTER 8 
OVERVIEW OF RESULTS 
The objective of this thesis was to develop 
an effective manufacturing process step data acquisi- 
tion system and to demonstrate system implementation 
at a machine tool or other manufacturing process step 
From the approach adopted in this study, the 
f-ollowing conclusions are relevant: 
1. It is technically feasible to design 
an effective manufacturing step mini- 
computer based data acquisition system 
that can be retrofitted to existing 
machine tools or other manufacturing 
equi pment. 
2. It is technically feasible to program 
and implement a software system that 
can control the necessary hardware to 
implement an effective manufacturing 
step minicomputer based data acquisi- 
tion system that can be retrofitted 
to existing machine tools or other 
manufacturing equipment. 
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In addition, the following were determined: 
a. A minicomputer based data acquisition 
system should be designed by studying 
the informational needs in the present 
environment of the organization and the 
current information available.  The 
designer should then develop a system 
that brings the required information to 
all functional groups. 
b. Data acquired by a minicomputer based 
data acquisition system should be 
summarized as much as possible, but 
still supply the necessary data 
required for accurate statistical 
analysi s. 
c. In order to insure accurate and reliable 
results, the acquired data should be 
checked by the minicomputer based data 
acquisition system before the data is 
outputted for analysis. 
d. The "Menu" approach to operator-machine 
interaction helps to provide for the 
successful implementation of a mini- 
computer based data acquisition system. 
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e.  The ability to profile (list the 
acquired data as it is received) pro- 
vides for easier initial installation 
and assists with calibration of a 
minicomputer based data acquisition 
system. 
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CHAPTER 9 
RECOMMENDATIONS FOR FURTHER STUDY 
The need for the utilization of minicomputer 
based data acquisition systems in the machine shop 
and in many other processing areas brought about this 
system development.  Areas for future study are as 
fol1ows : 
1. The designed hardware and software 
should be implemented on a machine tool 
and/or other processing system. 
2. Real data acquired from the machine tool 
should be analyzed, both force and temp- 
erature, for feed, speed, and tool 
sharpness information. 
3. Real operator data acquired from machine 
tool operator input should be evaluated. 
4. Other types of data reduction techniques 
can be tried and evaluated. 
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A. 1  Memory Organization 
The RSX-11M  operating system must have at 
least two user partitions allocated.  One partition 
(5100 bytes octal) is for program "DATACQ" which is 
used to acquire the thermocouple and strain gage 
readings.  The other partition (8000 bytes octal) is 
for program "OPERIN" which is used to acquire operator 
information.  Program "OPERIN" will enable and disable 
program "DATACQ" as directed by the operator input. 
Program "OPERIN" should be checkpointed, but program 
"DATACQ" should be fixed in memory.  If program 
"DATACQ" is checkpointed, the time interval of the 
readings cannot be guaranteed, since memory may not 
be available when execution is required.  The develop- 
ment system did not have the memory management option 
that allows checkpointing.  Therefore, the following 
sections will assume that both programs are fixed in 
memory. 
A.2  MACRO-11 Assembler2 
Programs "OPERIN" and "DATACQ" are written in 
the DEC assembler language MACRO-11.  MACRO-11 was used 
to conserve memory and allow for minimum execution time 
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Use the MACRO-11 assembler to translate 
"OPERIN". 
MAC OPERIN,LP: = OPERIN 
Use the MACRO-11 assembler to translate 
"DATACQ". 
MAC DATACQ,LP: = DATACQ 
In both examples, the assembler assumes .MAC 
for input and will generate .OBJ for the output.  The 
.LST (listing) file will be spooled to the line printer. 
The MACRO-11 Assembler provides the following 
features: 
a. Program and command string control 
b. Device and filename specifications 
c. Error listing on command output device 
d. Alphabetized, formatted symbol table 
listing 
e. Relocatable object modules 
f. Global symbols 
g. Conditional assembly directives 
h.  Program sectioning directives 
i.  User-defined macros and macro libraries 
j.  Comprehensive system macro library 
k.  Program and command string control 
1.  Indirect command file facility 
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A.3  Taskbuilder 
The fundamental executable unit in the RSX-11M 
System is the task.  A routine becomes an executable 
task image, as follows: 
a. The routine is written in a supported 
source language. 
b. The routine is entered as a text file, 
through the editor. 
c. The routine is translated to an object 
module. 
d. The object module is converted to a 
task image. 
e. Finally, the task is run. 
If a single routine is to be executed, the use 
of the Taskbuilder is appropriately simple.  The user 
gives as input only the name of the file that contains 
the object module produced from the translation of the 
program and gives as output a name for task image.  In 
typical applications, generally a collection of routines 
is run rather than a single program.  In this case the 
user names each of the object module files and the 
Taskbuilder links the object modules, resolves any ref- 
erences to the system library, and produces a single 
task image, ready to be installed and executed.  The 
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Taskbuilder makes a set of assumptions (defaults) 
about the task image based on typical usage and 
storage requirements.  These assumptions can be changed 
by   including switches and options in the task-building 
terminal sequence, thus directing the Taskbuilder to 
build a task which more closely represents the input/- 
output and storage requirements of the task. 
Use the Taskbuilder to link (build) the programs 
for this system. 
TKB 
TKB OPERIN.LP: ,SY0:0PERIN = OPERIN 
TKB / 
ENTER OPTIONS: 
TKB     ASG   =   TT0:6 
TKB     ASG   =   PP:2 
TKB     PAR   =   GEN 
TKB     PRI   =   20 
TKB     // 
TKB 
TKB DATACQ.LP:,SYO:DATACQ = DATACQ 
TKB / 
ENTER OPTIONS: 
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TKB  ASG = TT0:6 
TKB  ASG = PP:2 
TKB  PAR = USER 
TKB  PRI ■ 70 
TKB  // 
The Taskbuilder assumes .OBJ for input and will 
generate .TSK for the first output and .MAP for the 
second output.  The .MAP file will be spooled to the 
line printer.  These examples are not checkpointable. 
If the second line is changed to: 
TKB  OPERIN/CP.LP: ,SY0:0PERIN = OPERIN 
program "OPERIN" will be task built to be checkpoint- 
abl e. 
In these examples, program "OPERIN" is task- 
built for partition GEN with a priority of 20 and 
program "DATACQ" is taskbuilt for partition USER with 
a priority of 70. 
o 
A. 4  Executi on 
The following instructions install and execute 
the programs: 
INS OPERIN 
FIX OPERIN 
INS DATACQ 
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FIX DATACQ 
RUN DATACQ IS/RSI * 4S 
RUN OPERIN 
Programs "OPERIN" and "DATACQ" will be fixed 
in memory and respond as described in Section A.5. 
"DATACQ" will take a set of data readings every   four 
seconds. 
A. 5  Operator Responses 
Program "OPERIN" has the following possible 
i nputs: 
Input Description 
0 Input new operator number, part number, 
lot number, and special code 
1 No work available 
2 Tools broken, missing, or dull 
3 Waiting for the engineer 
4 Waiting for the inspector 
5 Waiting for the foreman 
6 Machine breakdown 
7 Machine under repair 
8 Personal break 
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Input Descripti on 
F Profile option set off 
L List current operator number, part 
number, lot number, and special code 
H Help, list all input options 
N Null operations, terminate program 
P Profile option set on 
These inputs are self explanatory.  Their reasons 
for being selected are discussed in Chapter 3. 
Program "DATACQ" has no operator inputs.  It is 
used to acquire data from all sensors. 
A. 6  Listing Utility 
Program "UTILDA" has been written to provide a 
method for listing the data that is punched on to 
paper tape by the data acquisition programs.  "UTILDA" 
requires 3400 bytes octal and can be executed in any 
partition.  Table A.6.1 shows a sample of the listed 
data.  Data can be listed on the console, any other 
printing terminal, or the line printer. 
The first record of Table A.6.1 is from "OPERIN". 
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Date and time are shown 
C  = Code = 1 - OPERIN 
SC = Subcode = Menu item number 
OP = Operator number 
PT = Part number 
L = Lot number 
SP = Special code 
The remaining records of Table A.6.1 are from 
"DATACQ". 
Date and time are shown 
C  = Code = 2 - DATACQ 
SC = Subcode = 0 = not used 
ST = Sensor input number 
D = Decimal point locator 
T = Time interval 
R = Number of readings 
D = Data value 
Degrees F for thermocouples 
Millivolts for strain gages 
A source paper tape of "UTILDA" is filed in the 
library of the Lehigh University Computer Center. 
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07-05-77 15:05:50 C 01 SC 00 OP 03 PT 00234 L 00122 SP 00 
07-05-77 15:06:05 C 02 SC 00 ST 04 D 00 T 03 R 00003 D 00067 
07-05-77 15:06:17 C 02 SC 00 ST 03 D 00 T 03 R 00007 D 00067 
07-05-77 15:06:23 C 02 SC 00 ST 04 D 00 T 03 R 00006 D 00071 
07-05-77 15:06:35 C 02 SC 00 ST 04 D 00 T 03 R 00004 D 00074 
07-05-77 15:06:35 C 02 SC 00 ST 06 D 00 T 03 R 00013 D 00508 
07-05-77 15:06:50 C 02 SC 00 ST 02 D 00 T 03 R 00005 D 00077 
07-05-77 15:06:50 C 02 SC 00 ST 03 D 00 T 03 R 00011 D 00071 
07-05-77 15:06:50 C 02 SC 00 ST 04 D 00 T 03 R 00005 D 00077 
07-05-77 15:07:08 C 02 SC 00 ST 04 D 00 T 03 R 00005 D 00081 
07-05-77 15:07:17 C 02 SC 00 ST 06 D 00 T 03 R 00013 D 00612 
07-05-77 15:07:20 C 02 SC 00 ST 01 D 00 T 03 R 00009 D 00074 
07-05-77 15:07:20 C 02 SC 00 ST 03 D 00 T 03 R 00009 D 00074 
07-05-77 15:07:23 C 02 SC 00 ST 02 D 00 T 03 R 00005 D 00084 
07-05-77 15:07:23 C 02 SC 00 ST 04 D 00 T 03 R 00005 D 00084 
07-05-77 15:07:35 C 02 SC 00 ST 04 D 00 T 03 R 00004 D 00087 
TABLE A.6.1 Program "UTILDA" Data Listing 
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A.7  Error Messages 
Error messages from "OPERIN": 
a. OP aa  bbbbb ccccc  ddddd 
aa = Error type = 01 = Console 
02 = Paper Tape Punch 
03 = Hardware 
bbbbb = Console status 
ccccc = Paper tape punch status 
ddddd = Hardware status 
After this message, the program will stop. 
b. OP—INVALID   INPUT   OPERATION 
The operator has typed an incorrect Menu 
item.  The system will request another 
operator response. 
c. 0P--THE ABOVE ID INFORMATION IS NOT COMPLETE 
Part identification information must be 
entered before any response other than HELP 
will be accepted.  The operator must input 
proper identification information. 
Error messages from "DATACQ": 
a.  DA--XXXXX DEGREES IS BELOW THE MINIMUM RANGE 
SETTING 
The program has a minimum limit for its con- 
version table.  A thermocouple reading (XXXXX) 
has gone below this limit. 
177 
b. DA--XXXXX DEGREES IS ABOVE THE MAXIMUM RANGE 
SETTING 
The program has a maximum limit for its 
conversion table.  A thermocouple reading 
(XXXXX) has gone below this limit. 
c. DA--INVALID THERMOCOUPLE NUMBER 
This error message should never occur.  The 
user has set a maximum thermocouple limit 
and it has been exceeded by adding more 
thermocouples without changing the set limit. 
d. DA--INVALID STRAIN GAGE NUMBER 
This error message should never occur.  The 
user has set a maximum strain gage limit 
and it has been exceeded by adding more 
strain gages without changing the set limit. 
e. DA--aa  bbbbb ccccc ddddd 
aa = Error type = 01 = Console 
02 = Paper Tape Punch 
03 = Hardware 
bbbbb = Console status 
ccccc = Paper tape punch status 
ddddd = Hardware status 
After this message, the program will stop. 
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Error messages from "UTILDA": 
a. U--DIR ERROR 
There has been a hardware error. 
b. U--END OF TAPE ASSUMED 
The reading of the paper tape did not come 
to a normal end.  A zero was read as a 
start-of-record. 
c. U--END OF TAPE WHILE LOOKING FOR START 
OF RECORD 
The reading of the paper tape did not come 
to a normal end.  The program could not 
find a start-of-record character and ran 
out of paper tape while trying to find one. 
d. U--THE FOLLOWING RECORD HAS INCORRECT CODE, 
DECODED AS DATA 
The code read for the record was neither 
a one or a two.  The record was decoded as 
a data record. 
e. U--INVALID START OF RECORD, SKIPPING FOR 
NEXT START OF RECORD 
An invalid start-of-record character was 
read.  The program will try to find a good 
start-of-record character and continue to 
decode the data. 
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APPENDIX B 
CROSS-ASSEMBLERS 
Cross-assemblers are becoming increasingly 
popular tools for minicomputer programming.  They 
can be used to save programming time and reduce the 
amount of hardware that is needed for a specific 
minicomputer system.  An assembler is a computer 
program that translates a source language that 
includes symbolic machine language statements in 
which there is a one-to-one correspondence with the 
instruction formats and data formats into a machine 
language program by substituting absolute operating 
codes for symbolic operation codes and absolute or 
relocatable addresses for symbolic addresses.  A 
cross-assembler is an assembler designed to be 
executed on a different computer from the computer 
that is the object of this translation.  The output 
of a cross-assembler can be loaded by the object 
computer system and executed.  For example, a cross- 
assembler that operates on a mainframe and produces 
programs for a minicomputer. 
Cross-assemblers save minicomputer programming 
time in several ways.  First, a cross-assembler can 
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assemble at main frame speed which is usually an 
order of magnitude faster than the minicomputer system. 
A sophisticated minicomputer with the latest operating 
system and a full complement of peripheral devices can 
approach the speed of the mainframe; however, most 
users do not have such systems.  Second, many program- 
mers can be developing programs for a minicomputer at 
the same time, either by time-sharing or batch methods. 
Third, the minicomputer system does not have to be 
taken out of production for program development.  This 
is very important when the loss of a minicomputer stops 
or reduces the output of a production line.  Cross- 
assemblers allow the purchase of minicomputer systems 
with minimal peripheral or processing capabilities, 
thus saving hardware costs. 
Cross-assemblers are usually purchased from 
the minicomputer manufacturer or from a software 
specialty company.  The development of a cross- 
assembler may take up to six man months.  Therefore, 
purchasing is usually the most economical alternative. 
The future should see more extensive development of 
cross-assemblers that allow the source input code to 
be in a high level language.  This will reduce the 
need for minicomputer assembler language programming, 
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and thus help to reduce programming and documentation 
time since a high level language generally requires 
less coding time and less documentation than an 
assembler program. 
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APPENDIX C 
RSX-11M AND RSX-11S OPERATING SYSTEMS 
C.l  RSX-11M Operating System 
C.2  RSX-11S Operating System 
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C.1  RSX-11M Operating System 
The computer system software described in this 
thesis was developed and implemented using RSX-11M. 
RSX-11M is a disk based, real-time operating system 
4 
which executes on the PDP-11  family of processors. 
It is an event-driven, multi-programming system, 
which provides response to real-time stimuli.  The 
RSX-11M system features: 
a. High Speed, Real-time Response 
b. Hardware Task Protection 
c. Concurrent Multi-task Processing 
d. 250 Software Priority Levels 
e. Multiple Partition Structure 
f. Round Robin Scheduling 
g. Checkpointable Tasks 
h. Concurrent Program Development and 
Execution 
i. Comprehensive Files System 
j. Extensive System Generation Options 
k. Line Printer Spooling 
1. Post Mortem and Snap Shot Dumping 
m. Indirect File Processor 
n. XDT-Interactive Debugging Tool 
o. DECNET Support 
p.  Host for RSX-11S 
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RSX-11M offers a high response runtime system 
as well as extensive program development facilities. 
Realtime tasks may be developed in assembly language, 
FORTRAN, or a combination of both.  When FORTRAN is 
used in the real-time system, the recommended minimum 
system is 24K words of memory.  The FORTRAN facilities 
include the implementation of the Instrument Society 
of America (ISA) standards and the ability to directly 
address device registers.  Program development of 
application tasks is supported in parallel with real- 
time execution.  Compilation/assembly, debugging and 
installation of tasks can be performed on-line while 
real-time tasks remain highly responsive through the 
use of software priority levels.  Tasks may be developed 
in assembly language using the MACRO-11 assembler, or 
in FORTRAN using the FORTRAN IV or FORTRAN IV-PLUS 
compiler.  A text editor, utilities, global symbol 
cross reference and task memory dump facility are pro- 
vided to assist task design and checkout.  A minimum 
of 24K words is required for concurrent operation of 
program development and real-time processing. 
The basic 16K word RSX-11M system provides 8K 
words of memory for user tasks and 8K words of system 
space.  The following are contained in the system space: 
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a. Executive 
b. File System 
c. Operator Interface Task 
d. Disk Driver 
e. Console Terminal Device Driver 
f. One of the following Drivers: 
1. DECtape 
2. Cassette 
3. Magtape 
4. Line Printer 
5. Floppy Disk 
Additional executive services and peripheral device 
5 
drivers  can be selected and incorporated with an 
associated increase in memory usage. 
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C.2  RSX-11S Operating System 
RSX-11S is a memory based real-time operating 
system designed to operate in a PDP-11  processor 
with a minimum of 8K words of real memory.  The system 
is not dependent upon any mass storage media for 
execution.  RSX-11S is based on the RSX-11M Version 2 
and Version 3 disk based operating system, and is 
fully subset compatible with them.  The I/O driver is 
identical.  Device drivers written to execute under 
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RSX-11M Version 2 or Version 3 can be incorporated to 
run under RSX-11S without change.  As a memory-only 
system, RSX-11S does not support a file system, non- 
resident tasks, checkpointing (rol1in/rol1 out) or 
program development.  It provides a run time environ- 
ment for execution of tasks on a memory based processor 
with a modest complement of peripherals. 
Program development and system generation for 
RSX-11S requires a host RSX-11M Version 2 or Version 3 
system.  Tasks may be written in MACRO-11, FORTRAN IV 
or FORTRAN IV-PLUS, assembled or compiled and sub- 
sequently linked on the host system and transported 
to the target RSX-11S system for execution.  If tasks 
are written in FORTRAN, a minimum of 16K words of 
memory is required.  Transportability of tasks between 
the RSX-11M host and the RSX-11S target is provided 
via the File Exchange Utility (FLX)  on the host 
system and the On-line Task Loader (OTL)  on the 
target system. 
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APPENDIX D 
MICROCOMPUTERS 
The smallest of all data-processing machines, 
the microcomputer, is just beginning to be used in 
mass applications.  What sets any computer apart from 
every other kind of machine is its stored and alter- 
able program which allows one computer to perform 
many different tasks in response to simple program 
changes.  The microcomputer can impart this power at 
low cost to many other machines and devices.  Most 
microcomputers can easily fit inside a matchbox.  A 
microcomputer is a chip, or chips, that perform func- 
tions similar to those of a minicomputer.  Micro- 
computers range from the self-contained monolithic 
microcomputer to complete microcomputer systems made 
up of many chips and external input and output devices 
To some people, microcomputer means a micro- 
processor.  To other people, the words microcomputer 
and microprocessor differ.  This thesis considers a 
microprocessor to be a chip containing an arithmetic 
logic unit (ALU), registers, and control logic for 
data address buses.  A microcomputer will be a one 
or more chip system that contains an arithmetic logic 
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unit, registers, control, and possibly a register 
stack or random access memory (RAM), data busses, and 
a read only memory (ROM) with microprograms.  Some 
of the newest microcomputers have general purpose 
registers off-chip.  The MAC-8 microcomputer developed 
by the Bell Telephone Laboratories is designed with 
its working registers off-chip.  One of the advantages 
of off-chip registers is that a large number of regis- 
ters may be used.  The MAC-8 uses 16 registers.  A 
general purpose microcomputer can perform any data 
manipulations through execution of a stored sequence 
of machine instructions. 
The heart of a microcomputer is an integrated 
circuit.  A microcomputer may contain only one inte- 
grated circuit, or it may contain as many or more 
than 30 integrated circuits.  Functionally, a micro- 
computer contains a programmable data-processing 
system which consists of an arithmetic logic unit, 
some general purpose registers, and some type of 
control.  If the microcomputer is moderately sophis- 
ticated, it may also contain a register stack or a 
random-access-memory, one or more data buses, and 
most significantly, a read-only memory containing 
microprograms or micro-operations.  Microcomputers 
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generally handle shorter words than other computers, 
usually from four to eight bits.  However, some do 
use words up to 16 bits. 
The ability of the semiconductor industry to 
manufacture complete general purpose microcomputers 
on single chips represents a significant technological 
advance which is proving to be of great benefit to 
digital systems manufacturers.  In terms of chip size 
and density of transistors, the microcomputers are 
simply extensions of continually evolving technology. 
But in terms of function provided, a significant 
threshold has been crossed.  The integrated micro- 
computer provides several important advantages: 
a. Logic functions may be implemented in 
memory bits instead of logic gates. 
The user then has greater access to the 
advantages of memory circuits.  Memories 
use patterned circuitry and thus provide 
greater density and therefore greater 
economy. 
b. Random logic implementations of complex 
functions are highly specialized and 
cannot be used in other applications. 
They are not often used in large volume. 
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Programmed logic, on the other hand, 
relies on general purpose processor and 
memory circuits that are used in many 
applications.  Thus, economics of volume 
are available for both the user and the 
manufacturer. 
c. Because the functional specialization 
resides in the user's program rather 
than the hardware logic, changes, cor- 
rections and additions can be much easier 
to make and can be accomplished in a much 
shorter time. 
d. With the programmed logic approach, it 
is often possible to add new features and 
create new products simply by writing new 
programs. 
e. The design cycle of a system using pro- 
grammed logic can be significantly shorter 
than a similar system that attempts to 
use custom random logic.  The debugging 
cycle is also greatly compressed. 
A general purpose microcomputer designed to 
implement programmed logic has many characteristics 
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that allow it to do conventional computer operations 
as well.  Many applications will specialize in pro- 
grammed logic or in data processing, but some will 
take advantage of both areas.  In a data acquisition 
application, for example, a microcomputer can act 
primarily as a controller handling the housekeeping 
duties, control sequencing, data validation, data 
buffering, and data interfacing for the main mini- 
computer system.  Thus, each machine, terminal, or 
other data generating device can have its own micro- 
computer.  A microcomputer used in this manner 
greatly reduces the work load of the main minicomputer 
system.  Therefore, the minicomputer system can be 
smaller and can handle many more input devices.  In 
order to fulfill the requirements of some designers, 
the microcomputers should be microprogrammable.  A 
microprogrammable processor allows the user to operate 
at the fundamental register transfer level.  With 
microprogramming, the user is programming at the 
microinstruction level which is sometimes called a 
user-defined instruction set.  That is, the instruction 
set is not fixed, but can be defined by the user. 
Basic operations at the register transfer level are 
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the elements that typically make up the macro- 
instructions, and each macroinstruction consists of 
several microinstructions.  Most designers, however, 
do not need to define their own instruction set 
through microprogramming.  The macroinstruction set 
defined by the microcomputer manufacturer fulfills 
their required programming needs.  This instruction 
set is termed the assembler language.  Some manu- 
facturers are now offering FORTRAN compilers for 
their microcomputers. 
No longer is it satisfactory to proceed 
without strong consideration for the software before 
designing in the microcomputer component.  To help 
in the evaluation process, the following software 
factors may help to determine if a particular micro- 
computer system will meet the designer's necessary 
requirements: 
a. Assembler 
b. Editor-Debugger 
c. Loader 
d. Simulator 
e. Higher Level Language 
f. Hardware/Software Development System 
g. Available Cross-Assemblers 
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In summary, there are four types of hardware 
configurations of microcomputers, the first of which 
is the self-contained "monolithic microcomputer". 
These devices are typically utilized in programmed 
controllers, calculators, and in various applica- 
tions where the programming effort is limited and 
speeds are not sufficient to require sophistication. 
Typically, these processors are programmed at the 
mask level with read only memory capability, and 
they contain only a limited random access memory 
capability.  The next category is the "chip-set" . 
This is a more versatile microcomputer with read only 
memory, random access memory, and input/output 
devices, as well as the processor made available as 
separate chips.  With these chip-sets, the interface 
effort has been accomplished.  Typically the manu- 
facturer will also supply strong backup in both 
hardware and software.  The next higher level of 
microcomputer is that of the "bit-slice chip".  The 
processor is fully parallelable.  Bit-slice chip 
microcomputers are being developed because of the 
limited complexity on a single chip for the high- 
speed type of chip fabrication.  Typically, a mini- 
computer program-type effort is required to utilize 
194 
these chips, since programming and interface are 
extremely complex tasks.  Generally, the manufac- 
turer's support for this microcomputer is not yery 
complete.  The fourth and last category is the 
"complete microsystem".  The manufacturer has already 
interfaced and supplied the complete system on a 
board, ready to operate, with strong backup including 
supplying operational programs.  Often, a resident 
assembler, editors, and debug programs are also 
available. 
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APPENDIX E 
SAMPLE SPECIFICATION FOR A REQUEST FOR QUOTATION 
E.l Introduction 
E.2 Proposed Data Acquisition Requirements 
E.3 Instructions for Preparation of Proposal 
E.4 Recap of Section E.2 Hardware Features 
E.5 Instructions and Cost Data Table 
E.6 Recap of Section E.2 Software Features 
E.7 Environmental Questionnaire 
E.8 Vendor Support Questionnaire 
E.9 Governing Terms and Conditions 
E.10 Delivery Questionnaire 
E.ll Maintenance Questionnaire 
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E.1  Introduction 
The following specification has been prepared 
for purposes of providing a concise picture of the 
required on-line real-time Data Acquisition System. 
The Data Acquisition System shall acquire data 
on-line in real-time from thermocouples, strain gages, 
and sense switches mounted on a machine tool.  These 
input devices will be hand-wired and located up to 
50 feet from the acquisition system.  The central 
processing unit shall be a minicomputer with an 
executive operating system that supports all the 
required peripheral devices. 
Section E. 2 of this proposal outlines in 
detail the specific requirements with the intention 
of being general enough to allow the supplier to 
design the best price/performance system. 
E. 2  Proposed Data Acquisition Requirements 
E.2.1  Hardware Requirements (Mandatory) 
The proposed configuration shall provide for 
the following: 
a.  A stand-alone data acquisition system 
that will be capable of acquiring in 
real-time data produced from thermocouples, 
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strain gages, and sense switches.  The 
proposed configuration should be capable 
of multipartitions and have a priority 
interrupt system. 
b. This system must be capable of punching 
the acquired data on to paper tape and 
writing it on to magnetic magnetic tape. 
c. It must have the capability to handle at 
least 16 external input devices such as 
thermocouples, strain gages, and sense 
swi tches. 
d. A data input should be processed in approx- 
imately 150 microseconds.  This average 
includes all aspects of receiving the data, 
buffering, and spooling. 
e. A method must be provided so that the 
acquired data is available for analysis 
on a large computer mainframe. 
f. All hardware arithmetic functions shall 
be listed. 
g. All peripheral devices that will be 
required for software development must be 
listed indicating all of their attributes. 
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h.     Console-Printer  with: 
1. Keyboard input 
2. Documented printing capability 
3. Input/Output buffered 
4. Print Set - standard 64 character 
ASCII code 
i.  Magnetic Tape(s) with: 
1. The final configuration must include 
at least one magnetic tape drive. 
2. A density of 800 bits per inch (bpi) 
or 1600 bpi, nine-channel magnetic 
tape. 
3. Transfer rates shall be documented, 
j.  The configuration must have sufficient 
memory and peripheral devices to meet 
the logic requirements for Data Acquisition, 
k.  State maximum memory available and 
required memory for proposed system. 
E.2.2  Hardware Requirements (Optional) 
The following hardware items are considered 
desirable and should be shown as optional equipment 
a.  Disk capability.  List disk capacities 
and number that can be attached. 
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b. Magnetic Tape capability.  List magnetic 
tape speeds and number that can be attached, 
c. Printer capability.  List the optional 
high speed printers. 
E.2.3  Software Requirements (Mandatory) 
The proposed system shall include the following 
a. Any proposed vendor supplied standard 
software, such as an executive, compilers, 
assemblers, utilities, drivers, handlers, 
and mathematical subroutines, that is 
required to provide the Data Acquisition 
function shall be completely documented 
and all software shall be provided in 
source code with a listing. 
b. The vendor must supply all necessary 
drivers for all input/output devices. 
E.2.4 Software Requirements (Optional) 
The following software items are considered 
desirable and should be shown as optional: 
a. A handler for the optional high speed 
pri nter 
b. A separate quote for the entire Data 
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Acquisition software.  In this case, the 
vendor will provide all software necessary 
to provide this capability.  Vendor written 
Data Acquisition software may or may not be 
included as a part of the ultimate contract. 
E. 3  Instructions for Preparation of Proposal 
The proposal shall be prepared as follows: 
a. The proposal shall be prepared simply 
and economically, providing a straight- 
forward, concise delineation of the system 
capabilities to satisfy the requirements 
of this request for quotation.  Emphasis 
in the proposal should be on completeness 
and clarity of content. 
b. Any questions relating to this specifica- 
tion should be directed to: name of 
engineer and address. 
c. A proposal shall include an item-by-item 
review in the sequence provided in Section 
E.2 of all requirements listed.  This 
review shall follow the format contained 
in the specifications.  All features are 
mandatory.  If unable to quote an exact 
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mandatory feature, quote on the closest 
available alternative. A direct state- 
ment concerning the vendor's capability 
to fulfill each requirement shall be made. 
d. Optional features are not mandatory; 
however, they do represent enhancements 
of the system which will receive special 
consideration during the evaluation of 
proposals.  Enter "not applicable" for 
each desirable item not proposed. 
e. Section E.6 provides for specific response 
to software capability. 
f. The configuration proposed should be 
listed in accordance with the instructions 
stated in Section E.5. 
g. Section E.4 provides for specific responses 
to proposed hardware configuration. 
h.  Specify the total requirements for space, 
power, air conditioning and humidity 
control, engineering maintenance area, 
raised-flooring, etc. (and, where applicable, 
by component).  The furnishing of site 
preparation manuals which contain these 
data would be satisfactory.  An Environmental 
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Questionnaire, Section E.7, has been 
provided. 
i.  Section E.8 has been provided for 
recommendations.  Provide the information 
requested, using the headings in the 
sequence shown. 
j.  Acceptance of the system will be made 
upon completion of the installation, a 
demonstration to the purchaser's satis- 
faction by the supplier, and functioning 
in compliance with the Standard of Per- 
formance clause of Section E.9. 
k.  The selected vendor will be required to 
assume responsibility for delivery, 
installation and maintenance of all equip- 
ment, software and support services offered 
in the proposal. 
1. Using Section E.10 outline, state ability 
to deliver all components of the hardware 
and software. 
m. Section E.ll has been provided for out- 
lining standards and philosophy in this 
area. 
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n.  Submit any additional data not included 
elsewhere and considered to be pertinent 
to this proposal. 
E.4 Recap of Section E.2 Hardware Features 
E.4.1  System Questions 
Does the proposed system: 
a. Perform the required data acquisition 
function? 
Yes      No  
b. Handle at least 16 inputs? 
Yes No Maximum 
Queue interrupts? 
Yes No 
d.  Have at least 16 output bits? 
Yes No Maximum 
Process an interrupt in 150 microseconds? 
Yes      No  
If not, how many?  
Provide for stored data removal for 
processing without shutting down the 
Data Acquisition System or losing its 
ability to acquire data? 
Yes      No  
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h. 
i . 
m 
Perform hardware arithmetic functions? 
Yes      No  
Have a Console-Printer? 
Yes No 
Have a Keyboard Input? 
Yes No 
Print at least 10 characters per second? 
Yes      No  
Have Input/Output buffered? 
Yes      No  
Have a print set to include the standard 
64-character ASCII code? 
Yes      No  
Have a Magnetic Tape? 
Yes No 
1. How many tape drives can be connected 
to the system?   
2. Density of 800 bpi or 1600 bpi , 
nine channel? 
Yes      No  
3. What are the density options?  
4. What are the transfer rates?   
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n.  Have sufficient memory and peripheral 
devices to perform all system and data 
acquisition requirements? 
Yes      No  
o.  Have a detailed configuration list 
included? 
Yes      No  
E.4.2 General Questions 
a.  Memory required for this system?  
b. Maximum memory that the machine can 
have?  
c. Is foreground/background for execution 
operation of data acquisition and execu- 
tion of another program available? 
Yes      No  
d. Can disk capability be added? 
Yes      No  
e. Are the high speed printer capabilities 
of this system listed in detail? 
Yes No 
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E.5  Instructions and Cost Data Table 
a. Provide a configuration, with associated 
costs, that will satisfy the hardware and 
software requirements specified in Section 
E.2.  The format should indicate the 
fol1owi ng: 
1. Feature/Model 
2. Description 
3. Quantity 
4. Purchase Price 
b. State the purchase price of the following 
i terns : 
1. The mandatory hardware and 
software 
2. The optional hardware and 
software 
c. Show any additional one-time cost associated 
with the transportation, installation, and 
implementation of the system. 
d. State the inclusive periods within which 
the prices for rental, purchase, mainten- 
ance, and other services quoted in the 
proposal will not be increased. 
207 
e.  State the inclusive periods within which 
the terms and conditions proposed will be 
guaranteed for all services, equipment, 
and software offered. 
E.6  Recap of Section E.2 Software Features 
a. Is the proposed software completely 
documented? 
Yes      No  
b. Is source code and a listing provided 
for all software? 
Yes      No  
c. Is a high-level language compiler 
avai1able? 
Yes      No  
If yes, list the compilers. 
d. Is an assembler available? 
Yes      No  
e. List all available utilities. 
f. Are software drivers available to handle 
all necessary input/output between 
peri pherals? 
Yes      No  
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What software arithmetic routines 
are available? 
Can an operating system that provides 
for foreground/background operation be 
provided? 
Yes      No  
Is a handler for the high speed printer 
avai1able? 
Yes      No  
Has a separate quote been submitted for 
the data acquisition software that is to 
be vendor written? 
Yes No 
E. 7  Environmental Questionnaire 
This questionnaire covers supplier-provided 
environmental data for computer installations.  Its 
purpose is to secure comprehensive and quantitative 
site preparation and environmental requirements to 
adequately plan for the types of systems proposed, 
a.  State the environmental requirements 
of the proposed equipment.  This should 
include, but not be limited to: 
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1. Required air temperature 
2. Required relative humidity 
3. Any other requirements for the air 
4. Required vibration control 
5. Requirements for electromagnetic 
i nterference 
6. Requirements for physical layout 
7. Requirements for electrical power 
8. Standards as to the nature and 
frequency of cleaning the hardware. 
b.  The failure to state any standard (even 
those not alluded to above) will be 
construed as a statement by the supplier 
that he has no constraints in that area. 
E.8 Vendor Support Questionnaire 
E.8.1 Training (Pre- and Post-Instal1ation) 
a. Define capability to provide training 
requi rements. 
b. Provide a chart by type of personnel 
that need to be trained to utilize 
hardware and software. 
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E.8.2  Personnel Support (Pre- and Post-Installation) 
a. Personnel support includes personnel 
engaged in furnishing installation, systems, 
conversion and maintenance support. 
b. Whenever separate costs are charged for 
personnel, indicate the nature of these 
costs. 
E.9 Governing Terms and Conditions 
In this section, the user shall outline any 
requirements that must be met for purchasing.  Some 
companies have predefined purchase agreements with 
various vendors.  If this is not the case, the agree- 
ment will have to be stated for each request for 
quotation.  Also in this section, a standard for 
acceptable system performance shall be outlined. 
E. 10 Delivery Questionnaire 
Provide a flow chart of development through 
shipment to meet the desired installation date speci- 
fied in the cover letter, on the basic configuration. 
The schedule need not be elaborate, although it should 
highlight what achievements are considered critical to 
meeting the time frame required. 
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E. 11 Maintenance Questionnaire 
The ability to meet the maintenance requirement 
specified below with respect to equipment should be 
indicated below.  Preventive maintenance time require- 
ments and type of maintenance recommended should be 
discussed, as should the solution of any problems such 
as travel time, transportation, and communication as 
they relate to the maintenance environment.  If more 
than one manufacturer's equipment is involved, discuss 
how maintenance will be handled.  If maintenance is 
done by other than the supplier, identify by name and 
address. 
a. Detail prices for all pertinent maintenance 
plans should be described. 
b. When during the 24-hour day may regular 
preventive maintenance be scheduled (day 
of week)? 
c. Are periods other than regularly scheduled 
preventive maintenance required for 
engineering changes? 
d. What are the response time guarantees? 
e. How are replacement parts covered in the 
maintenance agreement? 
f. Present a detailed description of mainten- 
ance support provided for system software. 
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APPENDIX F 
MINICOMPUTER HARDWARE 
F.l  Development Minicomputer System 
F.2  Operating Minicomputer System 
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F.1  Development Minicomputer System 
The computer system described in this thesis 
was developed using a Digital Equipment Corporation 
PDP 11/40 5 computer system with an RSX-11M Version 
2 J Operating System.  See Appendix C. 
The PDP-11/40 computer system hardware consists 
of the following devices: 
a. PDP 11/40 CPU consisting of: 
1. 28K words MOS memory (K = 1024 bytes) 
2. Bootstrap loader 
3. Real-time clock 
b. Disk sybsystem, (2) Model RK11/RK05 
disk drives with control unit and 5 
megabyte total storage capacity 
c. High speed paper tape reader/punch 
model PC11 
d. Magnetic tape, 9 track, 800 bpi, 
model TU10 
e. DecWriter II printer terminal, model LA36 
f. High speed line printer, Model LP11 
g. A synchronous line unit, Model DL11-C 
F.2 Operating Minicomputer System 
The computer programs developed for the 
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minicomputer based data acquisition system described 
in this thesis are intended to be executed on a 
4 5 
Digital Equipment Corporation PDP 11/34 '   mini- 
computer system that will be used in the Lehigh 
University machine shop area.  The operating system 
will be RSX-11M Version 3.3  See Appendix C. 
The PDP 11/34 computer system hardware consists 
of the following devices: 
a. PDP 11/34 CPU consisting of: 
1. 32K words MOS memory (K = 1024 bytes) 
2. Memory management 
3. Extended Instruction Set (EIS) 
4. Bootstrap loader 
5. Real-time clock 
b. Disk subsystem, (2) RK11/RK05 disk drives 
with control unit and 5 megabyte total 
storage capacity 
c. DECWriter II printer terminal, Model LA36 
d. A synchronous line unit, Model DL11-C 
e. Laboratory Peripheral Systems 
f. Paper tape input/output 
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